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INTRODUCTION 
Background of Stream Degradation 
Natural streams are seldom in a true state of equilibrium. The discharge, flow 
characteristics, sediment injection by tributaries, and the character of the sediment complex 
vary with time. At a specific reach of a natural stream, the sediment seldom enters and leaves 
the reach at equal rates, nor does the stream bed remain exactly the same. If the stream bed 
continues to lower as a result of more sediment leaving than entering, throughout a reach or 
over a considerable length of channel, this nonequilibrium condition is called "degradation" 
(Massoudi , 1981; Federal Highway Administration, 198 1). Channel degradation also leads to 
landslides which result in an increase in channel width (Lohnes et al., 1980). 
Three causes of stream degradation in western Iowa have been suggested: the 
shortening of previously meandering streams, creating an increase in gradient; increased run-
off in the region due to changes from prairie grasses which originally covered the land 
surface, to present day agricultural crop patterns; and degradation of the Missouri River, 
lowering the base level of its tributaries (Dirks, 198 1). 
Stream straightening 
Until the early pan of this century, western Iowa streams were meandering natural 
rivers, which overflowed frequently. This either prevented the conversion from prairie or 
pasture to cropland, or it damaged agricultural crops planted in flood plain areas (Massoudi, 
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1981 ). Beginning at the tum of the century and continuing to approximately 1960, many 
creeks and rivers throughout Iowa were channelized in order to achieve better drainage on 
flood plains and to open bottomlands to farming. Channelization usually accomplished its 
goal. Most Iowa creek and river flood plains today are productive cropland (Adkins, 1992; 
Hadish, 1993). 
Channelization straightened previously meandering srreams (Dirks, 1981 ), reduced 
stream lengths and increased channel grades. At the same time, however, channelization 
resulted in greater streamflow velocities. Increased run-off into streams had already begun 
due to the conversion of native prairies and forests to cropland (Adkins, 1992). The smooth, 
straight sides of new ditches, combined with an increase of gradient, velocity of flow, and 
the tractive force exerted on the bed and banks of channels, began to cause degradation on 
stream channels (Federal Highway Administration, 1981). The streams of western Iowa have 
degraded 1.5 to 5 times their original depth since channelization. This vertical degradation 
is often accompanied by increases in channel widths of 2 to 4 times original widths (Lohnes 
et al ., 1980). 
Perhaps the best documented stream degradation history is that of Willow Creek, in 
Harrison County, which had its channel shortened from 26.3 to 20.2 miles between 1916 and 
1919. Degradation began almost immediately after channel straightening and, at one point 
(between 1919 and 1924), degradation proceeded at a rate of 1.2 feet/year. The channel in 
this reach was uncontrolled until the early 1970s when two flume bridges were constructed. 
Data collected between 1919 and 1958 clearly indicate the channel was degrading at rates 
varying from 0.8 feet/year to 0.18 feet/year with the maximum amount of degradation at 24 
3 
feet and a maximum depth of channel below the floodplain of nearly 40 feet (Daniels, 1960; 
Daniels and Jordan, 1966)! 
Increased run-off 
Another cause of degradation is increased run-off. Although the bulk of data on 
degradation was collected after stream straightening began (about 1920), some observations 
indicate degradation had occurred between 1846 and 1932 (Lohnes et al. , 1980). 
Bank vegetation provides an increment of roughness that decreases flow velocity near 
the bank. Any modification of bank vegetation can affect the channel. Removal or a decrease 
in the density of bank vegetation will leave the banks more susceptible to erosion (Federal 
Highway Administration, 1981). 
The degradation in the streams resulted from increased run-off as the land was 
cultivated and the native prairie plowed. Normal run-off due to intensive cultivation has 
increased 2 to 3 times and peak flow rates more than 10 to 50 times presettlement amounts 
(Piest et al., 1976; Piest et al., 1977). 
Geological evidence demonstrated there were two cycles of degradation in Harrison 
County. One started about 1880 as a result of increased cultivation, and a second after the 
construction of the Willow drainage ditch (Daniels and Jordan, 1966). In the case of the 
Willow ditch, the gradient of the channel was increased from 5.18 to 7 .66 feet/mile by 
straightening in the lower reaches and from 7 .50 to 8.48 feet/mile in the upper reaches. This 
increase in slope would initially increase the velocity of the water in the channel, thereby 
increasing the erosive potential of the stream (Lohnes et al., 1980). 
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Degradation of the Missouri River 
There is physical and historical evidence that between 1804 and 1879 the entire 
portion of the Missouri River adjacent to Iowa was undergoing natural degradation. Historical 
evidence also inclicates that degradation of the tributaries to the Missouri had been taking 
place prior to 1868. Thus, it is possible that lowering the base level of these tributaries could 
have been a cause of their entrenchment (Dirks, 1981). 
Impact of degradation on roads and bridges 
The conclition of Iowa's rural roads and bridges is of great concern. The physical 
condition of the rural road system is deteriorating, the number of deficient bridges is large, 
and funds are insufficient to maintain and reconstruct them (Miller et al., 1987; Miller, 1987). 
A deficient bridge is one that is functionally obsolete or structurally deficient. A structurally 
deficient bridge will not carry a legal load, and has either been restricted to light vehicles or 
closed. A functionally obsolete bridge will carry a legal limit, but is too narrow for 2-way 
traffic, or has other characteristics that do not meet minimum standards (Nyamaah and 
Hitzhusen, 1985; Baumel and Schomhorst, 1983). Deficient bridges on local rural roads create 
serious safety and traffic constraints. Data from the Federal Highway Administration show 
there were 18,925 bridges inventoried in Iowa as of December 1980, and 55.2 percent were 
deficient, including 4,369 structurally deficient bridges, and 6,083 functionally obsolete 
bridges (Baumel and Schomhorst, 1983). As of January 1, 1986, 167,985 bridges or 55 
percent of all off-federal-aid bridges that had been inventoried were classified deficient In 
addition, 121,507 or 40 percent of the 304,948 off-federal-aid bridges were posted, or should 
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have been posted, at less than legal weight limits. The estimated replacement and 
rehabilitation costs of these deficient off-system bridges was $20.4 billion. Even this, 
however, understates the magnitude of the problem. Bridges under 20 feet long, for example, 
were not included in the inventory, and thousands of such bridges need replacement or 
rehabilitation. Iowa is one of the states with the largest number of deficient bridges (only 
including those that are above 20 feet long) (Baumel et al., 1989). Causes of road and bridge 
deterioration are aging, inadequate maintenance due to declining revenue for road 
maintenance, increasing volume of heavy trucks, and stream degradation (Nyamaah and 
Hitzhusen, 1985). Based on field observations, however, it is suggested that the vast majority 
of problems around the bridges in western Iowa are the result of degradation (Lohnes et al., 
1980). 
Stream degradation is causing significant damage to public roads, bridges, and other 
public works improvements. Degradation of main channels, as well as tributary gully growth, 
increases safety problems on rural roads as bridges, culverts, and roadbeds are damaged. As 
roads and bridges are abandoned, travel times increase for rural residents, and rural residential 
real estate values decrease (Adkins, 1992). 
The deepening and widening of these streams has jeopardized the structural safety of 
many bridges. Vertical degradation undercuts footings and exposes piles. The associated mass 
movement and widening of channels has removed soil adjacent to and beneath abutments. In 
many cases, this has made it necessary to add approach spans to bridges built before 
degradation occurred (Lohnes et al., 1980). An attempt was made to quantitatively define the 
problem by determining the number of bridges in the study area with approach spans. The 
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Iowa Department of Transportation (Iowa DOD bridge inventory data on the number of 
bridges with approach spans are summarized in Table 1 (Baumel and Schomhorst, 1983). 
Various types of flume and drop structures have been introduced in an effort to 
partially or totally stabilize these channels. Riprap1 or underpinning, for example were used 
as countermeasures to protect piers of bridges, mostly with satisfactory results (Federal 
Highway Administration, 1978). 
There has always been a need for economical grade stabilization structures to stop 
stream channel degradation and protect highway bridges and culverts. The problem is 
especially critical at the present time because of rapidly increasing construction costs and 
decreasing revenues (Lohnes et al., 1980). 
Closing or posting bridges that pose severe safety hazards is a temporary solution to 
the problem. Decisions must be made regarding repair, replacement, or maintenance of some 
bridges ahead of others. Closing or posting bridges is costly because of the important role 
road transportation plays in mobility of people and goods. Motorists incur extra costs via 
rerouting. There is a need to assess the impact of closure or posting of roads or bridges on 
users, and to develop a procedure for prioritizing bridges for repair, replacement or closure 
in order to ensure efficient allocation of scarce resources (Nyamaah and Hitzhusen, 1985). 
1Riprap is defined as a loose assemblage of broken stones erected in water or on soft 
ground as a foundation. 
Table 1. Data on approach spans. 
County 
Crawford 
Harrison 
Ida 
Mills 
Monona 
Montgomery 
Pottawattamie 
Shelby 
Woodbury 
Number of 
Bridges 
449 
302 
222 
283 
220 
288 
874 
378 
597 
7 
Percentage of 
Bridges with 
Approach Spans 
25.4 
19.5 
5.0 
17.0 
15.9 
23.3 
12.8 
28.3 
31.9 
Maximum No. 
of Approach 
Spans on 
a Bridge 
8 
8 
4 
10 
9 
8 
7 
6 
8 
8 
Objectives 
This study is part of a larger project. The objective of the larger project is to estimate 
the total cost of stream degradation on public and private infrastructure crossing streams in 
western Iowa from the date of stream straightening. Public infrastructure includes bridges 
crossing county and state roads. Private infrastructure includes railroad bridges and roadbeds 
and electric, telephone, cable, pipeline, and waterline crossings (Baumel et al., 1994). 
The objective of this thesis research is to evaluate the impacts of degrading streams 
on county bridges and rural travel patterns in western Iowa from the date of stream 
channelization. Specifically, this research will describe the information from the rivers studied 
including: Keg, Willow, McElhaney and Indian Creeks. Iowa DOT and county bridge data 
were obtained to determine the current length of each bridge on each river. The difference 
in bridge lengths required for the historical and current stream depths will be used to estimate 
the cost impact of degradation. A conceptual model for measuring the costs and benefits of 
reconstruction, maintenance, or closure of rural bridges will be developed, and a budget 
constraint model will be constructed to maximize total social benefits subject to limited 
budgets available to local governments. The costs and benefits of reconstruction, maintenance, 
or closure of selected county bridges in the study area will be estimated and compared, and 
the decision to either abandon or repair them will be made according to benefit-cost analysis 
and the budget constraint model. 
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LITERATURE REVIEW 
The literature review for this research can be divided into three main categories: 
(1) Literature on stream degradation illustrating the mechanisms of stream 
degradation and the countermeasures to stabilizing the degrading stream 
channel. 
(2) Literature on rural road and bridge systems providfog the methodology for 
reducing the rural road system and abandoning rural low volume bridges, so 
as to improve conditions of deficient rural road and bridge systems. 
(3) Literature on capital budgeting problems developing linear programming 
models for selecting a subset of projects from among a given, finite set, and 
optimizing the return from these selected projects while satisfying all budget 
limits. 
The following section of this chapter will discuss the literature in three categories in the order 
listed above. 
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Degradation Literature 
Engineering researchers have discussed the mechanisms of stream degradation and 
alternative methods of stabilizing degrading stream channels. Lohnes, Klaiber and Dougal 
developed Alternate Methods of StabiJizing Degrading Stream Channels in Western Iowa 
(1980). They suggested specific techniques for predicting channel degradation and some 
potential remedies. This research inventoried and evaluated structures within a 13 county area 
along the western Iowa border. 
Dirks developed a "Geomorphic Approach to Predicting Degradation of Streams in 
Western Iowa" (1981). He used historical and geomorphic evidence to define or clarify the 
mechanisms which control degradation, and suggested methods to predict rates and amounts 
of degradation. 
Massoudi (1981) selected Willow Creek, a typical degrading channel in western Iowa, 
for study. He determined the extent of degradation of the Willow Creek channel, evaluated 
the hydrologic and hydraulic characteristics of the basin and its channel network which may 
contribute to the degradation problem, and determined the cause, effect, and estimate of the 
stream degradation. 
The Federal Highway Administration issued Methods for Assessment of Stream-
Related Hazards to Highways and Bridges (1981). A procedure that pennits evaluation of the 
relative stability of a river and identification of river-related hazards that can affect a bridge 
crossing was developed. 
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The Federal Highway Administration in Countenneasures for Hydraulic Problems at 
Bridges (1978) developed measures that can be used to reduce bridge losses and damage 
attributable to stream degradation. Emphasis was directed toward measures that can be 
applied to existing bridges to overcome deficiencies resulting from degradation. 
Rural Roads and Bridges Literature 
There were a number of studies which stated the conditions and problems of rural 
roads and bridges. Some have offered alternative strategies such as reducing the size of local 
rural road milage or abandoning low volume rural bridges. 
Wilbur Smith and Associates selected forty local bridges in Kankakee County, Illinois 
as case studies to demonstrate the magnitude and nature of adverse impacts resulting from 
deficient and collapsed/closed bridges. 
Mercier (1983) focused on the problem of low-volume secondary roads in Iowa. He 
provided an analysis of road-closure problems, along with a description of a set of three 
alternative uses for the vacated road right-of-way, private access roads, conversion to 
agricultural use, and use as shelterbelts. He included an assessment of benefits and costs for 
the three alternatives. 
Nyamaah and Hitzhusen (1985) used a circuity cost model to estimate the rerouting 
costs to road users when 15 rural bridges in Ohio were posted or closed. The model indicated 
substantially greater benefits from a given bridge repair or replacement compared to the 
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County Engineer Department's estimation. All types of rural traffic, however, such as farm 
equipment travel and school bus trips, were not quantified and rerouted after bridge closings. 
Rilett. Hutchinson and Haas (1989) explored the implications of flexible pavement 
deterioration models that allow the separation of highway pavement life-cycle costs into joint 
and common costs and the allocation of the joint costs to various vehicle classes on the basis 
of their pavement damage characteristics. The Ontario flexible pavement deterioration model 
was used to calculate the joint and common cost portions of pavement costs for a range of 
traffic loadings and pavement strategies. 
Baumel and Schornhorst (1983) illustrated the characteristics of local rural roads and 
bridges in the United States. They indicated the condition of the county road and bridge 
system is deteriorating rapidly in all sections of the United States, with the possible exception 
of the western states. Their paper identifies several alternative policies to deal with the 
problem of inadequate funds to rebuild and maintain all the existing county roads and bridges 
to handle the levels and types of traffic moving on the system. Reducing the number of the 
local rural road and bridge system or returning some roads to private ownership are two 
alternatives they suggested. 
Baumel, Hamlett, and Pautsch (1986) were the first to quantitatively evaluate the 
impact of local road abandonment on all traffic types using the rural road and bridge system. 
They estimated the benefits and costs of abandoning selected roads in three study areas in 
Iowa. 
Baumel, Miller, Pautsch, and Hamlett ( 1989) provided an update and extension of 
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of their earlier study. A benefit-cost analysis was used to examine the effects of alternative 
investment strategies on local rural road systems. The study first estimated the change in 
costs to the traveling public of various investment strategies. The change in travel costs for 
each strategy was then compared to the cost of implementing that strategy on the county rural 
road system. Severa.I invesonent strategies were analyzed in their study: reducing the size of 
the county road system by abandoning sets of low volume roads that serve no property 
accesses, reducing the number of miles of public roads by converting continuous roads to 
private drives, paving selected gravel roads and then abandoning low volume roads that serve 
no property accesses. 
Baumel, Baumhover, Lipsman, and McVey (1991) noted that in the past, most public 
investments in local rural road and branch rail lines were made independent of each other. 
In their study, a methodology was developed to integrate branch rail line abandonment and 
rural road upgrading and abandonment decisions, and a benefit-cost analysis was applied to 
evaluate the tradeoffs between invesonents in local rural roads and investments in branch rail 
lines. 
Walzer and Chicoine (1987a) explained the difficulties encountered by rural 
governments in the Midwest for maintaining the roads and bridges needed to serve rural 
regions and the agricultural industry. They described the condition of roads and bridges, 
including details regarding the costs of upgrading transportation structures to acceptable 
conditions. They also discussed the main revenue sources that fund rural roads and bridges, 
including a review of the expected trends in these sources, and considered policy options to 
address the rebuilding of rural road systems. 
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Walzer and Chicoine (1987b) focused on four midwestern states. They examined both 
the condition of the infrastructure and the estimated costs of bringing rural roads and bridges 
to a safe and accepted condition level. 
Walzer and McWilliams (1991) illustrated the results of the condition of the rural 
transportation network from a national survey. They concluded the condition of low-volume 
roads and bridges needs attention and that the repair of deficiencies may require additional 
funding. The most significant obstacle counties face is inadequate budgets to provide services 
that are needed. The study also focused on incentives for removing road mileage from the 
county's inventory. 
Capital Budgeting Literature 
There is a large body of literature dealing with linear programming m capital 
budgeting problems. One of the most important programming models in capital budgeting is 
the linear integer programming (IP) model. This model, first introduced by Lorie and Savage 
(1955), and later restated by Weingartner (1963), is presented under conditions of certainty. 
It uses an objective function composed of net present values of investment proposals. From 
these the combination bringing the highest return is selected. Budget constraints are built into 
the model. The integer constraint in this model restricts the decision variables to be values 
of 0 or 1. This means an investment is wholly adopted or wholly rejected. 
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Naslund (1966) presented a chance-constrained linear progrnmming model. The model 
deals with deterministic data except for net cash flows which he assumes to have a known 
normal distribution. 
A third type of programming model in capital budgeting is the goal programming 
(GP) model. Charnes and Cooper (1961) first introduced a GP model that recognized the 
existence of multiple conflicting goals. Hawkins and Adams (1974) reconstructed the model 
for application to capital budgeting problems. As with other linear programming (LP) models, 
the GP model optimizes, subject to constraints. Unlike other LP models, however, the GP 
model has a multidimensional objective function that seeks to minimize deviations from goals 
within a given set of constraints. 
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METHOD OF ANALYSIS 
The study area for this research includes six streams and road networks in 10 counties 
in western Iowa. The 10 counties included were Cherokee, Woodbury, Ida, Monona, 
Crawford, Harrison, Shelby, Pottawattamie, Mills and Montgomery. The study streams were: 
McElhaney Creek in Woodbury, lnruan Creek in Pottawattamie, Montgomery, and Mills, Keg 
Creek in Shelby, Pottawattamie, and Mills, Willow Creek in Crawford, Monona, and 
Harrison, Mosquito Creek in Shelby, Harrison, and Pottawattamie, and Maple River in 
Cherokee, Ida, Woodbury, and Monona. These streams were judged to be representative of 
the many degrarung streams in western Iowa. Several of them had been the subject of 
previous engineering analyses (Baumel et al., 1994). Figure 1 shows the locations of the study 
streams in western Iowa. Because of a lack of data for Mosquito Creek, and Maple River's 
much greater drainage area2 than the other streams, only four streams (Indian Creek, 
McElhaney Creek, Keg Creek, and Willow Creek) were explored in this thesis. The following 
section of this chapter will develop a quantitative method to evaluate the impacts of 
degradation on bridges crossing study streams. 
A bridge will be affected when a stream suffers from degradation. Decisions must be 
made regarrung costs associated with repairing, reconstructing, or abandoning them. A 
2The drainage area of a stream at a specified location ordinarily may be defined as that 
area, measured in a horizontal plane, which is enclosed by a topographic ruvide such that 
direct surface run-off from precipitation would drain by gravity into the river basin above the 
specified point. For further information, see Larimer, 0 . J. Drainage Areas of Iowa Streams. 
Page 1. 
17 
WOODBURY 
CRA \X' FORD 
Mo uitoC~ 
POTT AWATTAM I E 
/ Keg Creek 
J 
Figure 1. Locations of study streams in western Iowa. 
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benefit-cost analysis was used to evaluate the trade-offs among the alternative strategies for 
affected bridges in the study areas. Some bridges are less important than others. Some low 
traffic bridges might be abandoned instead of being repaired. 
Most changes in road systems affect travel costs. If a bridge is closed off from the 
road network, some vehicles must travel further to reach their destinations. This additional 
distance increases travel costs. The trade-off is weighing increased travel costs against the 
cost of maintaining and rebuilding bridges that are too short for widening and deepening 
streams. 
The purpose of this analysis is to estimate the benefits and costs of keeping individual 
bridges crossing degrading streams. Bridges that do not generate posi tive nee benefit to 
society would become candidates for abandonment. Three important categories of costs were 
estimated in order to carry out a benefit-cost analysis. They are, reconstruction costs, 
maintenance costs, and traffic rerouting costs. 
where: 
Benefit-Cost Analysis 
The net benefit from keeping a bridge in the road system is calculated as foll.ows: 
NB = net benefit from keeping a bridge in the road network, 
TC = the annual traffic rerouting cost, 
(1) 
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ACRc = the annualized reconstruction cost, and 
ACMc = the annualized maintenance cost. 
A positive number of net cost savings indicates a bridge should be reconstructed and 
kept open. A negative number shows a bridge should not be rebuilt. Bridges that have the 
highest net cost savings should be maintained and reconstructed first. 
The benefit/cost ratio method expresses the ratio of equivalent uniform annual benefit 
(or its present worth) to the equivalent unfform annual cost (or its present wonh). Any 
alternative that has a benefit/cost ratio above 1.0 is economically feasible and the bridge 
should be kept in the road network. The alternative that has the highest incremental 
benefit/cost ratio (B/C) is indicated as the preference (Winfrey, 1969; Dasgupta, 1978). 
B/C = __ T_C __ 
A~c + ACMc 
Reconstruction Costs 
(2) 
The estimated costs of reconstruction or adding approach spans are based on the 
length of a bridge needed when reconstruction is carried out or approach spans are added. 
The length of a bridge is estimated by the depth of the stream, which increases over time 
because of degradation. The analysis in this study is concerned only with degradation 
following channelization. The initial depths when the streams were straightened were used 
to estimate the depth at any time after channelization. 
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There are few published data on original straightened stream depths. Moreover, most 
of the original stream straightening records have been discarded by drainage districts and 
county recorders (Baumel et al., 1994). Therefore, this study relied on the few original stream 
straightening records located in county recorder and engineering offices where the study 
streams are located. Some original depth data were drawn from previous studies (Massoudi, 
1981; Larimer, 197 4). The original channel depths were grouped by size of drainage area. A 
generalized channel depth was assumed for all drainage areas of similar size on the study 
streams. 
Data on stream depths after channelization were obtained from an Iowa DOT bridge 
inventory report. These data were used in a regression to estimate the degradation rate for 
each stream. Stream depths were estimated at each drainage area interval on each study 
stream after channelization. The lengths of bridges needed for reconstruction or approach 
spans were calculated, and reconstruction costs were estimated. 
Estimation of stream depths 
Since degradation deepens a channel, it can be measured by changes in channel depth. 
Historical evidence shows degradation occurred almost immediately after channel 
straightening. The depth of a stream is calculated as follows: 
0=100-E -4 
I I 
(3) 
where D1 is the depth of the channel from flood plain to stream bed in feet at time t. The 
design standard for the distance from the floodplain to the bridge deck is always 4 feet. The 
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elevation of the bridge deck is 100 feet at any time for any bridge, and I; is the stream bed 
elevation at time t. 
The stream bed elevation at time t was estimated by equation (4). 
E = E e -"1 
l 0 
(4) 
where: 
E, = stream bed elevation at time t, 
E0 = stream bed elevation at time of channelization, 
t = years since channelization, and 
k = rate of degradation. 
Estimation of bridge length 
The length of a county bridge was calculated by the following equation: 
(5) 
where: 
Li =the length of a county bridge at time i, 
m = the retained design slope of 2 for county bridges, and 
BWi = the bottom width of the stream at time i. 
Model assumptions were made that the bottom width of the stream has remained 
constant over time (BW1 = BW2); and soil and geomorphic characteristics among streams are 
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homogeneous within the study area. These assumptions allow generalizations from the study 
streams to other streams within the study area. 
Costs of reconstruction and approach spans 
The selected bridges were then divided into four groups, A(P), B(P), A(G), and B(G), 
based on the type of bridge (paved or gravel road) and the year in which the bridge was built. 
A represents a bridge which was built in relatively earlier years, B represents a bridge which 
was built relatively later; P represents "paved road", G represents "gravel road"; and Y0 
denotes the year in which the bridge was built. Specifically, the definitions are as follows: 
Group A(P) are bridges on paved road which were built on or before 1949 (Y ~1949); 
Group B(P) are bridges on paved road which were built after 1949 (Y 0> 1949); 
Group A(G) are bridges on gravel road which were built on or before 1934 (Y ~1934); 
Group B(G) are bridges on gravel road which were built after 1934 (Y0>1934). 
For example, a paved road bridge, built in 1940, belongs to group A(P), a paved road bridge 
built in 1970 belongs to group B(P), a gravel road bridge built in 1925 belongs to group 
A(G), and a gravel road bridge built in 1950 belongs to group B(G). The reconstruction date 
is calculated. as follows: 
(6) 
where: 
Y = the reconstruction date, and 
N = the life cycle of a county bridge. 
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The life cycle of a county bridge is 45 years for paved road bridges, and 60 years for 
gravel road bridges. Based on equation (6), bridges in group A(P) and A(G) should be rebuilt 
on or before 1994, but actually they were not. Assumptions were made that they will be 
reconstructed in 1995. According to the above equation, bridges in group B(P) and B(G) 
should be rebuilt after 1994. 
For bridges in group A(P) and A(G), decisions were based upon whether they should 
be rebuilt in 1995. The present value of reconstruction costs includes the present value of the 
cost of rebuilding a bridge in 1995, and the cost of adding approach spans after 1995 until 
the next reconstruction date. There is no standard length of approach spans.It is usually 
situationally dependent. The cost of adding approach spans is estimated by the additional 
length of a bridge according to the increasing stream depths every year. The present value 
of reconstruction costs is calculated as follows: 
PVRC 
= L199swc + E (Ll996+< - L199.s •• )wc 
(1 +j) l-0 (J +i)l996+H994 
(7) 
where: 
PV Re = the present value of future reconstruction cost, 
L1995 = the length of a county bridge in feet at 1995, 
L199s+1 = the length of a county bridge in feet t years after 1995, 
L1996+1 = the length of a county bridge in feet t years after 1996, 
W = the width of a bridge in feet, 
C = the cost of construction per square foot at the bridge deck in dollars, 
i = the long run real interest rate of 4%, and 
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N = the life cycle of a county bridge (45 or 60 years). 
The width of a paved county roadway bridge is 30 feet. For a gravel county roadway 
bridge the width is 24 feet The cost per square foot of a bridge is $40. 
For bridges in group B(P) and B(G), decisions were made based upon whether these 
bridges should have added approach spans from 1994 before the next reconstruction date, i.e. , 
a paved road bridge built in 1960 should be reconstructed in 2005, therefore the cost of 
adding approach spans from 1994 until 2005 is considered. The cost of adding approach 
spans is estimated by calculating the difference between the length of a bridge at t+ 1 years 
after 1994 and the length at t yea.rs after 1994. The present value of reconstruction costs is 
calculated as follows: 
(8) 
where: 
L1994+1 = the bridge length in feet at t years after 1994, and 
N = the number of years in the future in which the reconstruction is required 
(defined as: the year built+ life cycle of a bridge - 1994). 
The present value of reconstruction cost is annualized as follows (for all the bridges): 
(9) 
where: 
ACRc = the annualized reconstruction cost over the life cycle of the bridge, 
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PV Re = the present value of the reconstruction cost, 
i = the long term real interest rate, and 
N = the number of years in the life cycle of the bridge. 
When an approach span is added, it becomes part of the original structure, so its life 
cycle is dependent upon the life cycle of the original structure. In other words, the life cycle 
of an approach span is the same as that of a bridge. 
Maintenance Costs 
For bridges in group A(P) and A(G), the maintenance cost after the bridge is rebuilt 
in 1995 until the next reconstruction date was estimated as follows: 
(10) 
where: 
PV Mc = the present value of maintenance cost of a county bridge, 
L,99s+1 = the length of a county bridge in feet t years after 1995, 
W = the width of a county bridge, 
C = the cost of maintenance per square foot (34 cents per square foot), 
N = the life cycle of a county bridge, and 
i = the long run real interest rate. 
For bridges in group B(P) and B(G), the maintenance cost from 1994 until the next 
reconstruction date is calculated as follows: 
where: 
t = years after 1994, 
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N 
L L1994 ,. WC 
1-0 
PYMC = -----
(1 +iY 
L1994+t = the length of a bridge in feet at t years after 1994, and 
(11) 
N = the number of years in the future in which the reconstruction is required 
(defined as: the year built + life cycle of a bridge - 1994). 
For all bridges in the study area, the present value of maintenance costs was 
annualized using the following equation: 
where: 
i(l +i)N 
ACMC = PY MC ---
( l +i)N -1 
ACMc = the annualized maintenance cost, 
PY Mc = the present value of maintenance cost, 
N = the life cycle of a bridge, and 
i = the long term real interest rate. 
Traffic Rerouting Costs 
(12) 
The database of the streams and roads involved in the study area was input into 
TransCAD, a Geographic Information System (GIS) software program that performs 
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transportation analysis. A network model was used to estimate the minimum-cost routing 
from each origin to each destination for each vehicle type. A network consists of a set of 
nodes (intersections) connected by a set of arcs (roads). A node represents a location where 
a trip originates, relays, or terminates. Arcs are pathways of known length that allow traffic 
to flow between two nodes. In this study, bridges are located at the intersections of the 
streams and the roads. The minimum-cost routings were estimated for both household and 
farm travel. Generally, a node close to the bridge was chosen as the origin. For household 
travel, the county seat was chosen as the destination, for farm traffic and post office traffic, 
the nearest town was chosen as the destination, and for school buses, the nearest town which 
has a school was chosen as the destination. 
First, a base solution was run to determine the minimum-cost route from each origin 
to each destination. The minimum-cost route for the base solution must go through a specific 
bridge. The lengths of gravel roads, county highways, and state highways were measured for 
the minimum-cost route to calculate travel costs. Here, travel costs are defined as vehicle cost 
per mile times number of miles traveled. Then, a second run was performed to estimate the 
minimum-cost route after a specific bridge was closed. The lengths of each road type were 
measured again to calculate travel costs for the second solution. The difference between total 
travel costs in the base computer solution and in the second solution were the estimated 
change in travel costs to the traveling public if a bridge was closed. Equation (13) was used 
to estimate travel costs. 
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2 s 3 
TC = EEE (VCrvd x M,d x TPvd) (13) 
d v r 
where: 
TC = total travel cost for one year, 
vcrvd = the variable cost per mile by vehicle type v to destination d on road type r, 
~ =the number of miles for each road typer to destination d, 
TPvd = total trips for each type of travel to destination d, 
r = type of road (gravel road, county highway, or state highway), 
d = destination (the nearest town, or county seat), and 
v = vehicle type (single-axle, tandem-axle, semi, tractor-wagon, or auto). 
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THE DATA 
The data required to evaluate the bridge invesunent strategies in this study including 
the fo llowing: 
• The road network data with in the study area (Figure 2) ; 
• The percentage of type of travel in the study area; 
• The number, sizes, and types of vehicles. and average daily traffic on bridges 
within the study area; 
• The lengths of bridges on its latest inspection date; 
• The estimated variable cost per vehicle mile by road type in dollars per mile; 
• The initial depth of channelization on the study streams; 
• The stream bed elevation in the years after channelization; 
• The unit reconstruction cost and maintenance cost of bridges in the study area; 
• The life cycle of bridges for each surface type. 
Initial Channelized Stream Depths 
The initial depths of the study streams were used to es6mate current and future depths. 
There are few published data of ori ginal straightened stream depths. Records containing 
information on the original channelization projects are as follows: "Walnut Creek Drainage 
Disoict No. 2," 1921; "Keg Creek-Pony Creek Proposed Drainage Disoict," 1927; "S ilver 
Creek Number 2," 1927; "Indian Creek Drainage District 7," 1913; Mayne, 1915; Larimer, 
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Figure 2. State, county, and local road system. 
31 
197 4; and Massoudi, 1981 . Table 2 shows locations where channelization occurred and initial 
stream depths in western Iowa from the above documents . 
Assume that channelized depths vary directly with the size of the drainage area; and 
soil and geomorphic characteristics among streams within the study area are essentially 
homogeneous, allowing for generalizations within the study area. 
It was observed that channelized depth increased as the corresponding drainage area 
increased for the drainage areas up to 108 square miles. A linear regression was run to find 
the relationship between the initial depth and the drainage area. 
where: 
0 0 = the initial depth, and 
D =a+bG 
0 
G = the corresponding drainage area. 
The result of the regression is as following: 
a = 3.6832 Standard error = 1.09800 t-ratio = 3.3544 
b = 0.1187 Standard error= 0.01643 t-ratio = 7 .2234 
(14) 
r2 = 0.9288 
Above results show the initial depth varied linearly with drainage area. This 
relationship existed only between the drainage area, 0 to 108 square rrtiles. According to the 
documentation, the initial depth decreased after 108 square miles of drainage area. A possible 
reason is when the stream was channelized, it was realized the velocity and amount of water 
down the stream beyond drainage area 108 square miles is much greater, and it will erode 
anyway. The generalized initial stream depths are shown in Table 3. 
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Table 2. Documented locations of channelization and initial stream depths 
in western Iowa. 
Drainage area 
County Township Stream (square miles) Depth in feet 
Shelby NIA* Mosquito < 10 4 
Shelby 80N Mosquito 35-80 8-16 
Monona 82N Willow 50-70 10-12 
Harrison 80N Willow 80-108 15 
Harrison NIA Willow 130-145 12 
Freemont 70N Walnut 160 11 
NIA NIA Keg 145-165 8.1-11.3 
Mills 73N Silver 192-244 10 
Shelby 78N Indian 70 10 
* not available. 
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Table 3. Estimates of initial channel depth as a function of drainage area. 
Drainage Generalized Estimated 
Area (square miles) Channelized Depth (feet) 
0- 10 4 
11- 20 6 
21- 30 7 
31- 50 8 
51- 60 10 
61- 70 11 
71- 80 13 
81- 90 14 
91-110 16 
111-120 14 
121-160 12 
161-180 11 
181-190 10 
Documented Channelized 
Depth (feet) 
4 
NIA 
NIA 
8-10 
10-12 
10-12 
12-15 
15 
15 
12-15 
11 -12 
10-11 
10 
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Rate of Stream Degradation Over Time 
A method for estimating the ultimate entrenchment of a stream would be very useful. 
The final depth of the channel at any given bridge location would determine the needed span 
widths and depths of pile penetration for bridges crossing these streams. 
Lohnes et al. (1980) presented a theory for determining the rate of vertical degradation 
of a stream system. They proposed that, when viewed over the long term, there is a 
systematic decrease in the rate of downcutting with time. Following their proposal, it was 
theorized that the rate of downcutting at a given point in the stream channel is proportional 
to the elevation of that reach above the base level of the stream, as expressed by: 
dE/dt = - k E (15) 
where dE/dt is the rate of vertical degradation , E is the elevation of the point of interest 
above base level, and k is a constant describing the rate of degradation. 
The assumptions underlying this theory are (Dirk, 1981 ): 
•The most recent period of entrenchment in the study area is the result of channel 
straightening; 
•The average discharge at the point of interest has remained essentially constant 
since channelization; 
• The streams were near equilibrium with respect to degradation prior to 
straightening; 
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• The variables that have adjusted to increased strearnflow velocity have been 
width, depth and slope; 
• Average discharge since straightening has been most important in shaping 
channel geometty. 
Figure 3 displays the basis for this mathematical relationship. By rearranging terms 
and applying the boundary conditions that Eo exists at t = 0 and E1 exists at t = 1. the 
differential equation can be solved. After integration, the relationship can be written as: 
where: 
E = stream bed elevation at time t, 
E0 = stream bed elevation at time of channelization, 
t = years since channelization, and 
k = rate of degradation. 
(16) 
Equation (15) was used to estimate the rate of stream degradation over time for each 
study stream. This is simply another form of equation (2) . Assume the year of stream 
straightening is 1954 for McElhaney Creek, and it is 1920 for all the other study streams 
(Baumel et al., 1994). To estimate the rate of degradation, equation (15) was regressed on 
stream bed elevation data obtained from the Iowa DOT bridge inventory report. Table 4 
shows regression results. In the Lohnes model, k varied by drcilnage areas. Because of data 
limitations, k was assumed to be constant over a stream. This affects the accuracy of the 
estimate of stream depths. The estimated stream depths for each drainage area interval on 
TIME 
Figure 3. Estimation of stream bed elevation over time. 
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Table 4. Regression results of stream bed elevation over time for the study streams. 
Stream k Standard error P-value* 
McElhaney 0.001964 0.0002788 0.0001 0.8052 
Indian 0.001120 0.0001239 0.0001 0.7447 
Keg 0.001208 0.0001876 0.0001 0.4633 
Willow 0.002583 0.0005025 0.0001 0.5948 
* A P-value (probability value) of 0.0001 indicates that a coefficient is statistically 
significant at the 0.0001 level. 
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each study stream in 1994 are shown in Table 5. 
Estimation of Bridge Length 
The bridge construction model is presented in Figure 4, which shows the relation 
between bridge lengths and stream depths. Since bottom widths are unknown, the following 
method is used to calculate the length of the bridge that needs tO be rebuilt 
where: 
(17) 
Li = the length of a county bridge in feet to be rebuilt at time i, 
Di = the depth of the channel from flood plain to stream bed in feet at time i, 
f = the latest inspection date on the Iowa DOT bridge inventory report, 
L, = the length of a county bridge at time f, 
Dr = depth of the channel from flood plain to stream bed in feet at time f, and 
m = the retained design slope which is 2 for county bridges. 
There are 150 county bridges on the six study streams. A 25 percent stratified random 
sample was selected from the population of 150 bridges (Baumel et al., 1994). The 150 
bridges were listed in decreasing order of average daily traffic by study stream. Then the first 
eight, and each succeeding eight bridges were placed in a strata (except the last strata has 
only six bridges). Thus, a total of 19 strata were formed. Two bridges were randomly selected 
from each strata, and a total of 38 bridges were selec ted in the sample. Since bridges on 
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Table 5. Estimation of stream depths for each drainage area interval 
on each study steam in 1994. 
Stream deQths for each drainage area interval 
Drainage area 
(Square miles) McElhaney Indian Keg Willow 
0-1 0 11 11 12 20 
11-20 13 13 14 22 
21-30 14 14 15 22 
31-50 15 15 16 23 
51-60 16 17 17 25 
61-70 17 18 18 26 
71-80 19 20 20 27 
81-90 20 2 1 21 28 
9 1-110 22 22 23 30 
111-120 20 21 21 28 
121-1 60 18 19 19 27 
161-180 17 18 18 26 
181-1 90 16 17 17 25 
I,. BW1 I 
', ,L _____________ ~ ,,' 
• BW2 > 
Figure 4. The bridge construction model. 
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Maple River and Mosquito Creek are not included in this study, there are 26 bridges, which 
are on the remaining four streams left in the sample. An additional three bridges in the study 
area were purposively selected later for demonstration reasons. Therefore, there are 29 bridges 
included in this analysis. 
Table 6 shows the lengths of bridges at the most recent inspection date, and the 
estimated lengths of bridges at 1994 for each selected bridge on the study streams. 
Rerouted Bridge Traffic 
The total trips for one year through a specific bridge were calculated by the average 
daily traffic times 365 days. 
TP = ADT x 365 (18) 
where: 
TP = the total trips, and 
ADT = the average daily traffic. 
A travel survey used to collect data on all 1982 travel from farm and non-farm 
residents in Shelby County, Iowa, was used in this thesis. The survey was conducted by the 
Iowa State University Statistical Laboratory (Baumel et al., 1989). Assumptions were made 
that the travel pattern of each of the western Iowa study stream areas is similar to that of 
Shelby County and that 1982 travel patterns remained constant over time. The djstribution 
of type of travel in the study area is shown in Table 7. 
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Table 6. Estimation of bridge length fo r each selected bridge on study streams 
in feet (1994). 
Year Length at the latest Latest Length 
Stream Bridge built inspection date inspection date ( 1994) 
McElhaney c 213 l984 110 1992 I 11 
McElhaney c 274 1950 37 1992 38 
Indian IC-157 1931 151 1991 152 
Indian IC-122 1964 105 1991 106 
Indian IC-1 60 1965 128 1991 129 
Indian IC-153 1973 100 1991 I 01 
Indian GARF 501 1971 50 1989 52 
Indian LfNC 320 1 1941 102 1989 104 
f ndian GR20 1920 40 1992 41 
Indian WV 15 1987 100 1992 10 l 
Indian WV 13 1900 31 1992 32 
Keg OAK 0-90 1970 165 1991 166 
Keg KC-2 1955 143 1989 145 
Keg HA-1 1958 150 1991 151 
Keg Y0-19 1960 150 1991 151 
Keg Y0-4 1983 81 1990 82 
Keg WASH 21 1955 69 1990 7 1 
Keg s 80 07 210 1940 23 1992 24 
Keg L 99 07 210 1945 46 1992 47 
Keg L 99 05 110 1990 33 1992 34 
Keg L 99 18 110 1954 51 1992 52 
Willow MAGN17 1940 148 1990 15 1 
Willow LINC 9 1930 166 1992 167 
Willow LINC 8 1977 19 .1 1992 192 
Willow LINC 7 1972 70 1992 71 
Willow S22-I 1979 68 1992 69 
Willow s 12-1 1952 150 1992 152 
Willow WILLOW 2 1949 52 1992 54 
Willow WILLOW 4 1961 70 1992 72 
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Table 7. Percentage of type of travel. 
Type of travel Percent of total 
Household 
Auto 58.90 
Pickup 7.50 
Truck (SA) 2.00 
Subtotal 68.40 
Farm 
Auto 0.60 
Pickup 23.40 
Truck 
SA 1.93 
TA 0.75 
Semi 0.22 
1W 2.80 
Subtotal 29.70 
Other 
School bus (SA) 0.80 
Post office (Auto) 1.10 
Subtotal 1.90 
Grand Total 100.00 
Note: SA = Single - Axle, TA = Tandem - Axle, 1W = Tractor - Wagon. 
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State highway, county highway, and gravel road variable vehicle operating costs were 
based on cost estimates drawn from a study by Baumel et al. (1991). Table 8 shows the 
variable costs per vehicle mile for each type of vehicle in the analysis. Variable costs were 
lower on state highways than on county highways because of an assumed faster speed. 
Variable costs were also lower on county highways than on gravel roads because of an 
assumed faster speed and higher maintenance costs. Roads in and around a town were 
assumed to be gravel roads because of lower speeds and higher costs. 
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Table 8. The estimated variable cost per vehicle mile and road type 
in dollars per mile. 
Type of road 
Type of vehicle State highway Paved county 
Auto/pickup 0.2019 0.2160 
SA 0.4280 0.4494 
TA 0.5867 0.6160 
Semi 0.6691 0.7026 
TW 1.1301 1.1866 
Gravel road 
0.2805 
0.6249 
0.8566 
0.9769 
1.6499 
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RESULTS 
The following assumptions were made in this analysis: 
• The traveling public attempts to minimize the travel costs from an origin to 
a destination; 
• The number of trips from an origin to a destination does not change as a result 
of changes in the road system; 
• The routes used to travel from an origin to a destination can change if the road 
system changes; 
• The variable vehicle travel costs are a linear function of distance; 
• The U.S. Postal Service serves all residences that have a passable road access; 
• School buses provide school transportation to all residences with school-age 
children; 
• The road maintenance costs and reconstruction costs are functions of bridge 
length and width, and are independent of traffic levels. 
The difference between total travel costs in the base computer solution and costS in 
the second solution with a bridge closed are the estimated changes in travel costs to the 
traveling public if the bridge is abandoned. Therefore, the savings to the traveling public 
incurred by keeping a bridge in the road system are traffic rerouting savings. The costs to the 
counties from keeping a bridge in the road system include bridge maintenance and 
reconstruction costs. Table 9 summarizes the results of the benefit-cost analysis. The bridges 
in Table 9 are ranked by average daily traffic (ADT) and listed in ascending order. The 
Table 9. Estimated benefit-cost analysis. 
County Average Annual ized Annual traffi c Annualized Benefit 
bridge daily Year reconstruction rerouting maintenance Net cost 
Stream County code traffic built Group cost cost cost benefit ratio 
Willow Harrison U NC 9 10 1930 A(G) $7, 124 $963 $ 1,420 ($7,582) 0. 11 
Indian Pottawattan1ie WV 13 10 1900 A(G) 1,654 1,550 32 1 (425) 0.78 
McElhaney Woodbury c 2 13 10 1984 B(G) 589 2,776 993 1,194 1.75 
W illow Harrison U NC8 15 1977 B(G) 595 1,257 1,566 (904) 0.58 
Indian Potta wattamie GR 20 15 1920 A(G) 2,01 7 3,663 394 1,252 1.52 
Indian Montgomery GARF 50 1 15 197 1 B(G) 635 1,124 43 1 58 1.05 
Indian Mills IC- 160 15 1965 B(G) 562 3,7 14 897 2,255 2.55 
Keg Pottawattamie Y0-4 20 1983 B(G) 325 1,655 7 13 616 1.59 
Keg Shelby L 99 18 110 20 1954 B(G) 232 1,105 29 1 582 2. 11 
Keg Shelby L 99 07 2 10 20 1945 B(G) 149 1,619 172 1,298 5.04 
Indian Pottawattamie WV 15 20 1987 B(G) 743 3,623 935 1,944 2.16 
McEU1aney Woodbury c 274 20 1950 B(G) 326 2,203 196 1,68 1 4 .22 
Willow Crawford WILLOW 2 20 1949 B(G) 364 3, 195 257 2.574 5.14 ~ -...J 
Keg Pottawattamie KC-2 25 1955 B(G) 2 13 1,598 802 582 1.57 
lndian Mills lC- 153 25 1973 B(G) 640 5.599 8 11 4. 147 3.86 
Willow Crawford WILLOW 4 30 196 1 B(G) 523 7,054 500 6,032 6.90 
Keg Shelby s 80 07 2 10 30 1940 B(G) 87 5,234 56 5,090 36.53 
Keg Pottawattamie HA- I 35 1958 B(G) 232 4,397 906 3,259 3.86 
Indian Mills IC- 122 40 1964 B(G) 254 3,323 727 2,343 3.39 
Willow Monona S l 2- I 45 1952 B(G) 400 4,537 775 3,362 3.86 
Keg Shelby L 99 05 11 0 50 1990 B(G) 375 1,649 344 930 2.29 
Indian Montgomery U NC 320 1 55 1941 B(G) 92 3,487 265 3, 130 9.77 
Keg Harrison WASH 2 1 70 1955 B(G) 229 208 401 (422) 0.33 
Willow Harrison MAGN 17 70 1940 B(G) 155 21,862 344 21,364 43.85 
Willow Harrison LINC 7 120 1972 B(G) 575 22,31 5 599 21, 141 19.01 
Willow Monona S22- I 190 1979 B(G) 626 7,556 634 6,295 5.99 
Keg Pottawattamie Y0- 19 300 1960 B(P) 268 71,543 1,037 70.238 54 .82 
Keg Mills OAK 0-90 400 1970 B(P) 293 56,729 1,228 55,208 37.30 
Indian Mills IC- 157 580 193 1 A(P) 8, 13 1 277,028 1,643 267,254 28.34 
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groups to which each selected bridge belongs are shown in Table 9, i.e., group A(P) , B(P), 
A(G), or B(G). 
Low Volume Bridges 
A low volume bridge is defined as a bridge with an average daily traffic volume 
below 20. The first seven bridges in Table 9 are low volume bridges: LINC 9, WV 13, C 
213, LINC 8, GR 20, GARF 501, and IC-1 60. They are all gravel road bridges, classified 
either in group A(G) or B(G). The net benefit from keeping such a bridge in the road network 
ranged from negative $7,582 to positive $2,255. Benefit-cost ratios ranged from 0.11 to 2.55. 
Three of these bridges (LINC 9, WV 13, and LINC 8) had benefit-cost ratios less than one, 
and thus should not be reconstructed. Bridges LINC 9, WV 13, LINC 8, and IC-160 will be 
discussed as examples in the following section. 
Bridges LINC 9 and WV 13 belong to group A(G) because they are gravel road 
bridges built before 1934. LINC 9 was built on Willow Creek in 1930, and WV 13 was built 
on Indian Creek in 1900, and neither has been reconsoucted since then. Both have an average 
daily traffic of 10. It was assumed that these IO ADT bridges serve only as field access 
roads, i.e., only farm vehicles cross them. 
Bridge LINC 9 
LINC 9 has a very small annual traffic rerouting cost, not only because of low ADT, 
but also because the change in total miles of the second solution is only 16.79 percent of the 
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total miles in the base solution. Travel miles and costs crossing LINC 9 are shown in Tables 
10 and 11 respectively. Figure 5 shows the traffic rerouting map crossing LINC 9 to 
Woodbine, the nearest town. This map shows farmers do not have to travel much further if 
LINC 9 is closed. If this bridge is rebuilt in 1995, the costs of reconstruction and approach 
spans will be high. Its length was 166 feet in 1992 on the Iowa DOT bridge inventory report, 
and thus maintenance is very costly too. Based on the data used in this analysis, the bridge 
should not be reconstructed. 
Bridge WV 13 
WV 13 has a higher traffic rerouting cost of more than $1,000. The traffic rerouting 
map for WV 13 is shown in Figure 6. All farm traffic vehicles travel to the nearest town, 
Carson. The annualized reconstruction cost for this bridge is slightly higher than the annual 
traffic rerouting cost. The maintenance cost is less than one-fourth of that of LINC 9 because 
WV 13 is a much shorter bridge (31 feet in 1992). 
Bridge LINC 8 
All low volume bridges in group A(G) have annualized reconstruction costs higher 
than $1,000, because decisions were based on whether these bridges should be rebuilt in 
1995. The low volume bridges in group B(G) have much lower annualized reconstruction 
costs because only the cost of adding approach spans in 1994 until the next reconstruction 
date is considered. LINC 8 in group B(G) has a negative net benefit. The reason is that this 
bridge had a length of 191 feet in 1992, and therefore has a high maintenance cost. 
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Table 10. Estimated total miles dri ven for the trips crossing the bridge LINC 9 
on Willow Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 0 0.00 0 0.00 0 0.00 
Pickup 0 0.00 0 0.00 0 0.00 
Truck 0 0.00 0 0.00 0 0.00 
Subtotal 0 0.00 0 0.00 0 0.00 
Farm 
Auto 386 2.02 451 2.02 65 16.79 
Pickup 15,069 78.79 17,600 78.79 2,53 1 16.79 
SA 1,238 6.47 1,446 6.47 208 16.79 
TA 485 2.54 566 2.54 81 16.79 
Semi 144 0.76 169 0.76 24 16.79 
TW 1,803 9.43 2,106 9.43 303 16.79 
Subtotal 19,126 100.00 22,338 100.00 3,2 12 16.79 
Other 
School bus 0 0.00 0 0.00 0 0.00 
Post Office 0 0.00 0 0.00 0 0.00 
Subtotal 0 0.00 0 0.00 0 0.00 
Grand Total 19, 126 100.00 22,338 100.00 3,212 16.79 
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Table I 1. Estimated total variable cost of all travel crossing the bridge LINC 9 
on Willow Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $0 0.00 $0 0.00 $0 0.00 
Pickup 0 0.00 0 0.00 0 0.00 
Truck 0 0.00 0 0.00 0 0.00 
Subtotal $0 0.00 $0 0.00 $0 0.00 
Farm 
Auto $94 1.28 $106 1.28 $13 13.57 
Pickup 3,648 49.79 4,143 49.97 495 13.56 
SA 644 8.79 726 8.76 82 12.70 
TA 346 4.72 390 4.70 44 12.70 
Semi 118 1.60 132 1.60 15 12.70 
TW 2,478 33.8 1 2,792 33.68 315 12.70 
Subtotal 7,327 100.00 8,290 100.00 963 13.14 
Other 
School bus $0 0.00 $0 0.00 $0 0.00 
Post Office 0 0.00 0 0.00 0 0.00 
Subtotal 0 0.00 0 0.00 0 0.00 
Grand Total $7,327 100.00 $8,290 100.00 $963 13.14 
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Figure 5. Traffic rerouting map for bridge LINC 9 on Willow Creek (farm traffic). 
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Figure 6. Traffic rerouting map for bridge WV 13 on Indian Creek (farm traffic). 
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Bridge IC-160 
IC-160 has the highest benefit-cost ratio of 2.55 among low volume bridges in this 
study. It was rebuilt in 1965, and has a small annualized reconstruction cost of $562. The 
annual traffic rerouting cost is $3,714. After the bridge is closed, the farm traffic miles 
increased by about three times over the base solution, and the farm travel cost increased by 
more than two times (Tables 12 and 13). 
Based on this analysis, some low volume bridges should not be rebuilt, while others 
should be kept in the road network. 
Middle Volume Bridges 
MiddJe volume bridges are defined as those whose average daily traffic volume is 
between 20 and 100. They are either in group A(G) or B(G) because all of them are gravel 
road bridges. Seventeen of the selected bridges are in this category. They are listed in the 
middle of Table 9, from Y0-4 (with an ADT of 20) to MAGN 17 (with an ADT of 70). Most 
have annual traffic rerouting costs of four digit numbers (ranged from $1,000 to $7,000). 
Annualized reconstruction costs ranged from $87 to $743. Annualized maintenance costs are 
usually several hundred dollars. The benefit-cost ratios varied from 0.33 to 43.85, and the net 
benefit varied from negative $422 to positive $21,364. All selected middle volume bridges 
have benefit-cost ratios greater than 1 except WASH 21. Bridges labeled WASH 21 and L 
99 05 110 will be discussed as examples in the following section. 
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Table l2 . Estimated total miles driven fo r the trips crossing the bridge IC-1 60 
on Indian Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
TYPe of travel Miles of total Mi les of total Miles base olution 
Household 
Auto 6 1,787 83.79 66,882 78.98 5,095 8.25 
Pickup 7,868 10.67 8,5 16 10.06 649 8.25 
Truck 2,098 2.85 2,271 2.68 173 8.25 
Subtotal 71,752 97.30 77,669 9 1.72 5,9 17 8.25 
Farm 
Auto 33 0.04 129 0. 15 97 296.99 
Pickup 1,268 1.72 5,035 5.95 3,767 296.97 
SA 104 0. 14 414 0.49 309 296.98 
TA 41 0.06 162 0. 19 121 296.94 
Semi 12 0.02 48 0.06 36 296.88 
TW 152 0.2 1 602 0.71 451 296.96 
Subtotal 1,6 10 2. 18 6,390 7.55 4.78 1 296.97 
Other 
School bus 318 0.43 386 0.46 68 21.32 
Post Office 60 0.08 237 0.28 177 296.98 
Subtota l 378 0.51 623 0.74 245 64.79 
Grand Total 73,740 100.00 84,683 100.00 10,943 14.84 
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Table 13. Estimated total variab le cost of all travel crossing the bridge lC-1 60 
on lndian Creek. 
Solution with bridge Solut ion without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base so lution 
Household 
Auto $ 13,127 78.85 $14,713 72.26 $1,585 12.08 
Pickup 1,672 10.04 1.873 9.20 202 12.07 
Truck 948 5.70 1,07 1 5.26 123 12.92 
Subtotal $15,747 94.59 $ 17,657 86.72 $1,910 12. 13 
Farm 
Auto $9 0.05 $3 1 0.15 $22 239.58 
Pickup 356 2.14 1,208 5.93 852 239.5 1 
SA 65 0.39 216 l.06 15 1 232.37 
TA 35 0.2 1 11 6 0.57 8 1 232.38 
Semi 12 0.07 39 0.19 28 232.32 
TW 250 1.50 832 4.09 582 232.36 
Subtotal 727 4.37 2,443 12.00 1.716 235.95 
Other 
School bus $156 0.94 $204 1.00 $48 30.75 
Post Office 17 0.10 57 0.28 40 239.59 
Subtotal 173 1.04 26 1 1.28 88 50.95 
Grand Total $1 6,648 100.00 $20,36 1 100.00 $3,7 14 22.3 1 
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Bridge WASH 21 
WASH 21 is a special case. The total number of trips crossing WASH 21 is 25,550 
annually, including 17,476 household, 7,588 farm, 204 school bus, and 281 postal service 
trips. The nearest town to WASH 21 is Persia (Figure 7). It is assumed all farm traffic and 
post office vehicles travel to Persia. Assume the farm is located to the east of the bridge, and 
Persia is to the north-west of the bridge on the map. In the base solution, the minimum cost 
route from the farm to Persia was over the bridge. The estimated vehicle miles driven from 
the farm to Persia included 3.74 miles of gravel road and 2.86 miles of state highway per trip 
in the base run. After the bridge was closed, the farmer was forced to drive farther to reach 
town. In this case, the farmer needed only to drive an additional 0.01 miles on a gravel road 
in order to reach Persia without crossing the bridge. Miles traveled and travel costs increased 
only slightly in the second run. Since Persia does not have a school, school bus traffic is 
routed to Neola. The second solution for school bus traffic increased by less than 1 mile of 
gravel road per trip. 
The county seat of Harrison County is Logan (Figure 8). Assume a household is to 
the east of the bridge. Its members travel to Logan to shop. In the base solution with the least 
travel cost, the household traveled 4.30 miles on gravel road , 15.03 miles on county highway, 
and 2.86 miles on state highway. If the bridge was closed, the household needed to travel 
only an additional 0.01 miles of gravel road. This is the same result as the farm travel. Both 
travel miles and travel costs increased slightly if the bridge was closed (Tables 14 and 15). 
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Figure 7. Traffic rerouting map for bridge WASH 21 on Keg Creek 
(farm traffic). 
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Figure 8. Traffic rerouting map for bridge WASH 21 on Keg Creek (household traffic). 
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Table 14. Estimated total miles driven for the trips crossing the bridge WASH 21 
on Keg Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 333,936 75.64 334,087 75.60 150 0.05 
Pickup 42,522 9.63 42,541 9.63 19 0.05 
Truck 11 ,339 2.57 11 ,344 2.57 5 0.05 
Subtotal 387,797 87.84 387,972 87.79 175 0.05 
Farm 
Auto 1,0 12 0.23 1,013 0.23 2 0.15 
Pickup 39,459 8.94 39,519 8.94 60 0. 15 
SA 3,242 0.73 3,247 0.73 5 0.15 
TA 1,270 0.29 1,272 0.29 2 0.15 
Semi 378 0.09 379 0.09 1 0. 15 
TW 4,722 1.07 4,729 1.07 7 0.15 
Subtotal 50,083 11 .34 50, 159 11.35 76 0. 15 
Other 
School bus 1,723 0.39 1,919 0.43 196 11 .39 
Post Office 1,855 0.42 1,858 0.42 3 0.15 
Subtotal 3,578 0.8 1 3,777 0.85 199 5.56 
Grand Total 441,458 100.00 441 ,908 100.00 450 0.10 
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Table 15. Estimated total variable cost of all travel crossing the bridge WASH 21 
on Keg Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
TYPe of travel Cost of total Cost of total Cost base solution 
Household 
Auto $75,697 67.71 $75,739 67.62 $42 0.06 
Pickup 9,639 8.62 9,644 8.61 5 0.06 
Truck 5,450 4.88 5,453 4.87 3 0.06 
Subtotal $90,786 81.21 $90,837 81.10 $51 0.06 
Farm 
Auto $249 0.22 $250 0.22 $0 0.17 
Pickup 9,724 8.70 9,741 8.70 17 0.17 
SA 1,749 1.56 1,752 1.56 3 0.18 
TA 939 0.84 941 0.84 2 0.18 
Semi 319 0.29 320 0.29 1 0.18 
TW 6,727 6.02 6,739 6.02 12 0.18 
Subtotal 19,708 17.63 19,742 17.63 34 0.17 
Other 
School bus $839 0.75 $962 0.86 $123 14.61 
Post Office 457 0.4 l 458 0.4 l l 0.17 
Subtotal 1,296 l.16 1,420 l.27 123 9.52 
Grand Total $111 ,791 100.00 $111 ,999 100.00 $208 0.19 
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This example shows that change in miles is an important factor in measuring traffic 
rerouting costs. The conclusion is that there is potential cost savings realized by removing 
this middle volume gravel road bridge from the road system. 
Bridge L 99 05 110 
In Table 14, the total miles driven to cross WASH 21 in the second solution 
increased, but in some cases, total miles decreased. Bridge L 99 05 110 is an example (Tables 
16 and 17). In the base solution, farmers traveled 0.72 miles on gravel road and 4.24 miles 
on paved county road per trip. After the bridge was closed, farmers traveled only 4.09 miles 
on gravel road 0.87 miles less. Since the second run contains more gravel roads, and the base 
solution has more paved county road miles, the travel cost in the base solution is lower. For 
household traffic, the situation is similar. 
Most middle traffic volume bridges should be kept in the road network. Change in 
miles is an important factor other than average daily traffic in deciding traffic rerouting costs. 
Type of road is also a factor for consideration. 
High Volume Bridges 
High volume traffic bridges are defined as having an average daily traffic volume 
greater than or equal to 100. The last five bridges in Table 9 are high volume bridges, they 
are LINC 7, S22-1, Y0-19, OAK 0-90, and IC-157. LINC 7 and S22-1 are in group B(G) 
because they are gravel road bridges built after 1934, Y0-19 and OAK 0-90 are in group 
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Table 16. Estimated total miles driven for the trips crossing the bridge L 99 05 110 
on Keg Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 70,085 63 .59 65,248 65.48 (4,837) -6.90 
Pickup 8,924 8.10 8,308 8.34 (616) -6.90 
Truck 2,380 2.16 2,2 16 2.22 (164) -6.90 
Subtotal 81,389 73.84 75,772 76.04 (5,6 17) -6.90 
Farm 
Auto 543 0.49 448 0.45 (95) -17.54 
Pickup 21,182 19.22 17,466 l 7.53 (3,715) -1 7.54 
SA 1,740 1.58 1,435 l.44 (305) -17.54 
TA 682 0.62 562 0.56 (120) - 17.54 
Semi 203 0. 18 167 0.17 (36) -17.54 
TW 2,535 2.30 2,090 2. 10 (445) -17.54 
Subtotal 26,884 24.39 22, 169 22.25 (4,7 16) -17.54 
Other 
School bus 952 0.86 886 0.89 (66) -6.90 
Post Office 996 0.90 82 1 0.82 (175) -17 .54 
Subtotal 1,948 1.77 1,707 1. 71 (240) -12.34 
Grand Tota l 11 0,22 1 100.00 99,648 100.00 (10,573) -9.59 
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Table 17. Estimated total variable cost of all travel crossing the bridge L 99 05 110 
on Keg Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $ 14,639 52.86 $15,514 52.87 $875 5.98 
Pickup 1,864 6.73 1,975 6.73 111 5.98 
Truck 1,050 3.79 1, 147 3.91 97 9.27 
Subtotal $17,553 63.39 $18,637 63.52 $1,083 6. 17 
Farm 
Auto $122 0.44 $126 0.43 $3 2.63 
Pickup 4,774 17.24 4,899 16.70 126 2.63 
SA 826 2.98 897 3.06 70 8.51 
TA 444 1.60 481 1.64 38 8.51 
Semi 151 0.54 164 0.56 13 8.50 
TW 3, 178 11.48 3,448 11.75 270 8.5 1 
Subtotal 9,495 34.29 10,015 34.13 520 5.48 
Other 
School bus $420 1.52 $459 1.56 $39 9.27 
Post Office 224 0.81 230 0.78 6 2.63 
Subtotal 644 2.33 689 2.35 45 6.96 
Grand Total $27,693 100.00 $29,341 100.00 $1,649 5.95 
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B(P) because they are paved road bridges built after 1949. These four bridges had low 
annualized reconstruction costs of three digit numbers (from $200 to $600). The annualized 
maintenance costs for these high volume bridges are either several hundred dollars or greater 
than $1 ,000. Bridges S22-l, IC-157, and Y0-19 will be discussed as examples in the 
following. 
Bridge S22-l 
All of these high volume bridges have large traffic rerouting costs except S22-1. 
Traffic rerouting costs for S22- l are relatively low because the total change in miles is only 
about 4 percent of the base solution (Tables 18 and 19). Figures 9 and 10 show the traffic 
rerouting maps for S22- l. 
Bridge IC-157 
Traffic rerouting costs for IC-157 are the highest among all the bridges chosen. The 
total traffic volume crossing the bridge IC-157 is 211 ,700 vehicles per year. The nearest town 
to the bridge is Hastings. Thus all the farm, school bus, and post office traffic go to this 
town. The locations of Hastings and bridge IC-157 are shown in Figure 11 . In the base 
computer solution, the minimum cost route from the farm to Hastings was over the bridge. 
Estimated vehicle miles driven from the farm to Hastings included only 0.25 miles of paved 
county roads for each trip in the first run. After the bridge was closed, the vehicle was forced 
to travel further to reach town. Farm travel miles increased by 22 times over the base 
solution, and travel costs for farmers increased by approximately 26 times. 
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Table I 8. Estimated total miles driven for the trips crossing the bridge S22-l 
on Willow Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 1,038,743 74.29 I 068,561 73.38 29,818 2.87 
Pickup 132,268 9.46 136,065 9.34 3,797 2.87 
Truck 35,271 2.52 36,284 2.49 1,013 2.87 
Subtotal 1,206,282 86.27 1,240,910 85.22 34,628 2.87 
Fann 
Auto 3,645 0.26 4,086 0.28 441 12.10 
Pickup 142, 156 10.17 159,358 10.94 17,202 12. l 0 
SA 11 ,680 0.84 13,094 0.90 1,413 12.10 
TA 4,575 0.33 5,128 0.35 554 12.10 
Semi 1,363 0.10 1,528 0.10 165 12.10 
TW 17,010 1.22 19,068 1.31 2,058 12.10 
Subtotal 180,429 12.90 202,262 13.89 21 ,833 12.10 
Other 
School bus 4,860 0.35 5,448 0.37 588 12.10 
Post Office 6,683 0.48 7,491 0.51 809 12.10 
Subtotal 11,543 0.83 12,939 0.89 1,397 12.10 
Grand Total 1,398,254 100.00 1,456,111 100.00 57,857 4.14 
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Table 19. Estimated total variable cost of all travel crossing the bridge S22- l 
on Willow Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $229,464 65.95 $231,73 1 65.19 $2,267 0.99 
Pickup 29,219 8.40 29,507 8.30 289 0.99 
Truck 16,521 4.75 16,889 4.75 368 2.23 
Subtotal $275,204 79. 10 $278, 128 78.24 $2,924 1.06 
Farm 
Auto $877 0.25 $938 0.26 $62 7.04 
Pickup 34, 191 9.83 36,598 10.30 2,407 7.04 
SA 6,028 1.73 6,371 1.79 343 5.68 
TA 3,237 0.93 3,421 0.96 184 5.68 
Semi 1,099 0.32 1, 162 0.33 63 5.69 
TW 23 , 180 6.66 24,498 6.89 1,318 5.68 
Subtotal 68,6 13 19.72 72,988 20.53 4,376 6.38 
Other 
School bus $2,508 0.72 $2,651 0.75 $ 143 5.68 
Post Office 1,607 0.46 1,720 0.48 11 3 7.04 
Subtotal 4, 116 1.18 4,371 1.23 256 6.21 
Grand Total $347,932 100.00 $355,488 100.00 $7,556 2.17 
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Figure 9. Traffic rerouting map for bridge S22-1 on Willow Creek (farm traffic). 
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Figure 11. Traffic rerouting map for bridge IC-157 on Indian Creek (farm traffic). 
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The county seat of Mills County is Glenwood. Figure 12 shows the location of 
Glenwood and bridge IC-157. In the base solution with the least travel cost. household 
vehicles traveled 0.27 miles on a county highway, and 13.13 miles on a state highway for 
each trip. Without the bridge, however, household vehicles were forced to drive 5.21 miles 
on paved county roads, 9.81 miles on state highways, and 1.74 miles on gravel roads. The 
household travel miles increased by 25 percent, with an increase in travel costs of more than 
32 percent (fables 20 and 21). 
IC-157, built in 1931, is a group A(P) paved road bridge. It has an annualized 
reconstruction cost of more than $8,000, but this is less than one-third of the traffic rerouting 
cost. IC-157 still has a large and positive benefit-cost ratio . 
Bridge Y0-19 
The benefit-cost ratios of the five hlgh volume bridges in the study area ranged from 
5.99 to 54.82. Y0-19 has the hlghest benefit-cost ratio among all the selected bridges, and 
thus should be repaired and rebuilt with priority. 
All the high volume bridges have large benefit-cost ratios and there are significant 
potential cost savings from keeping these bridges in the road network. 
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Figure 12. Traffic rerouting map for bridge IC-157 on Indian Creek (household traffic). 
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Table 20. Estimated total miles driven for the trips crossing the bridge IC-157 
on Indian Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 1,670,863 85.38 2,089,826 74.31 418,963 25.07 
Pickup 2 12,759 10.87 266, 107 9.46 53,348 25.07 
Truck 56,736 2.90 70,962 2.52 14,226 25.07 
Subtotal 1,940,358 99. 15 2,426,895 86.30 486,537 25.07 
Farrn 
Auto 318 0.02 7,316 0.26 6,999 2204.00 
Pickup 12,384 0.63 285,338 10.15 272,953 2204.00 
SA 1,018 0.05 23,445 0.83 22,427 2204.01 
TA 399 0.02 9,182 0.33 8,784 2203 .97 
Semi 119 0.01 2,735 0.10 2,616 2203.92 
TW 1,482 0.08 34,143 1.21 32,661 2204.00 
Subtotal 15,7 19 0.80 362,159 12.88 346,441 2204.00 
Other 
School bus 423 0.02 9,755 0.35 9,332 2204.00 
Post Office 582 0.03 13,413 0.48 12,831 2203.98 
Subtotal 1,006 0.05 23,168 0.82 22, 163 2203.99 
Grand Total 1,957,082 100.00 2,8 12,223 100.00 855,141 43.69 
74 
Table 21. Estimated total variable cost of all travel crossing the bridge IC- 157 
on Indian Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $337,822 82.25 $448, 149 65. 16 $110,327 32.66 
Pickup 43 ,016 10.47 57,065 8.30 14,048 32.66 
Truck 24,307 5.92 32,294 4.70 7,987 32.86 
Subtotal $405, 146 98.64 $537,508 78. 15 $132,362 32.67 
Farm 
Auto $69 0.02 $ 1,796 0.26 $ 1,728 2519.17 
Pickup 2,675 0.65 70,063 10.19 67,388 2519.1 5 
SA 457 0. 11 12,560 l.83 12, 103 2646.61 
TA 246 0.06 6,743 0.98 6,498 2646.57 
Semi 83 0.02 2,29 1 0.33 2,207 2646.74 
TW 1,758 0.43 48,297 7.02 46,538 2646.59 
Subtotal 5,288 1.29 141 ,751 20.61 136,462 2580.47 
Other 
School bus $190 0.05 $5,226 0.76 $5.036 2646.53 
Post Office 126 0.03 3,294 0.48 3, 168 25 19.14 
Subtotal 316 0.08 8,520 1.24 8,204 2595.84 
Grand Total $410,750 100.00 $687,779 100.00 $277,028 67.44 
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Summary 
In summary of this chapter, it is concluded: 
Bridges with high traffic volume (ADD-100) tend to have significant traffic rerouting 
savings. According to net benefit-cost savings, bridges with positive savings should be 
reconstructed, while those with negative savings should not. Bridges with greater benefit-cost 
ratios should be rebuilt with priority; Bridges with the lowest benefit-cost ratio should not be 
rebuilt. 
Bridges with low traffic volume (ADT<20) tend to have smaller traffic rerouting 
savings. Some have negative net benefit-cost savings. 
Most of the middle volume bridges (20~DT<100) have large benefit-cost savings. 
Some, however, had low traffic rerouting savings and thus low positive or negative net 
benefit-cost savings. 
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BUDGET CONSTRAINT MODEL IN A LINEAR 
PROGRAMMING FRAMEWORK 
Benefit-cost analysis used for this study implies that every bridge with a positive net 
benefit should be reconstructed. Budgets available to local governments, however, are limited. 
Budget constraints play an imponant role in decision-making. In this chapter, a budget 
constraint model will be introduced to solve this problem. 
Introduction of Linear and Integer Programming 
There are two important classes of mathematical programmjng problems: linear 
programming (LP) problems and integer linear programming (IP) problems. Linear 
programming problems are characterized by objective functions and constraints where each 
incremental unit of a variable of the problem contributes the same amount (per unit) to the 
value of the objective, and consumes the same amounts (per unit) of the resources used in 
producing that variable. Integer linear programming problems are essentially the same kind 
of problem, with one important difference: some or all of the variables are restricted to 
integral values. To meet the integrality requirement, for example, the number of airplanes of 
a given type produced by an airplane manufacturer must be zero, one, or some other positive 
integer (Zionts, 1974). 
One imponant assumption in linear programming is that the objectjve function or 
mathematical statement of the objective and the constraints are linear. 
77 
A linear objective function is an expression of the form c1x1 + c2x2 + ... + c0 x0 where 
c 1, ••• , c0 are known real constants and Xp . •• , Xa are real variables whose optimal values 
(when they exist) satisfy the desired objective of maximizing or minimizing the objective 
function. Linear constraints are constraints on the problem variables and are of three forms: 
where ~· j = 0, 1, ... , n are known constants. 
Linear programming can be used when a problem under consideration can be 
described by a linear objective function to be maximized or minimized subject to linear 
constraints which may be expressed as equalities or inequalities or a combination of the two. 
The problem, therefore, may be expressed in the following form (where some or all of the 
inequalities may be reversed or replaced by equalities). 
Subject to: allxl + ... +a.oxn ~ b, 
~1x1 + +a2nxn ~ b2 
Objective Function 
Explicit Constaints 
+a x ~ b mn n m 
(Implicit) Nonnegativity Constraints 
(19) 
Besides linearity, there are other four assumptions underlying the theory of linear 
programming: ruvisibility, proportionality, independence, and finiteness (Hauser, 1982). The 
divisibility assumption concerning the xi variable U = 1, 2, ... , n) implies that the solution 
may consist of portions of the defined unit of xi, i.e. , if xJ is defined in units of 100,000 tons, 
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the panicular optimal value of, say x1, may be any factor of that unit; it could be I ton 
(0.0001 of one unit) or it could be 200,000 tons (2 units). The proportionality assumption 
implies that the a;i values do not change (i = 1, 2, . .. , m). Independence means that the 
value of a particular X; is not conditional on the value of any other X; . Finiteness means that 
the number of ~ specifications in the model must be finite. 
An algorithm was developed by Kantorovich to solve LP problems in 1939 (Hauser, 
1982). A milestone of LP development occurred when Dantzig developed a systematic 
iterative technique -- the simplex method -- of solving LP structures (Dantzig, 1951). The 
U.S. Air Force was one of the first organizations to apply Dantzig's work by developing a 
program to help coordinate the Berlin airlift of 1948-49 (Gass, 1969). The development of 
high-speed digital computers has enhanced the efficiency of solving LP problems, and LP is 
one of the most commonly used research techniques of scientists of many professions. 
Linear programming is very useful. One key limitation that prevents many more 
applications, however, is the assumption of divi sibility, which requires that noninteger values 
be permissible for decision variables. In many practical problems, decision variables have 
meaning only if they have integer values. Suppose that in choosing among capital investment 
projects the optimal solution to an associated linear programming problem is to build 0.527 
of a new plant. Clearly, the choice must be to build or not bui ld a new plant. If requiring 
integer values is the only way in which a problem deviates from a linear programming 
formulation, then it is an integer linear programming (or integer programming) problem (IP). 
There are two classes of integer programming: (1 ) Pure (or all) .i nteger programs (PTP), in 
which all the decision variables in the problem are restricted to assume only integer values, 
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and (2) mixed integer programs (MIP), in which there are some continuous decision variables 
and some integer decision variables. As stated by Dantzig (1960), MIP was valuable because 
any deterministic problem which can be precisely described in quantitative terms can be 
formulated approximately as accurately as desired as a mixed-integer programming problem. 
In each of these classes there are two subclasses: (a) binary integer programming (BIP) 
problems, in which all the integer decision variables in the integer programs are restricted to 
be either 0 or 1, and (b) general nonnegative integer decision variable problems (Murty, 
1976). The application of binary integer programming involves a number of interrelated "yes-
or-no decisions" (Liu, 1991). In such decisions, the only two possible choices are yes or no. 
Should a new warehouse, for example, be built in Des Moines? In this case, the decision 
variables should be restricted to just two values, zero or one. Thus, the jth yes-or-no decision 
would be represented by the binary variable xi such that: xi = 1 if decision j is yes, or "-j = 0 
if decision j is no. 
The application possibilities of integer programming methods to real problems are 
enormous. A survey of integer programming applications and uses (as well as methods) has 
been prepared by Balinski (1965). Additional applications are found in Dantzig (1960). A 
number of practical problems can be solved using integer programming. They include the 
assignment model, the fixed charge model, the plant location model, and the project selection 
model (Murty, 1976; Pfaffenberger and Walker, 1976). Many methods have been developed 
to find optimal solutions. A branch-and-bound method is presented by Little et al (1963). 
80 
Application of Linear Programming to Capital Budgeting Problems 
A capital budgeting problem was first posed and partjally solved by Lorie and Savage 
(1955). Their problem concerns a firm confronted with a variety of possible investment 
projects and a fixed capital budget. The cash flows associated with each project are given. 
The firm's cost of capital is assumed to be known and independent of investment decisions. 
These assumptions make it possible to compute, for each project, a net present value. The 
objective is then to select from among the projects with positive present values, the particular 
projects that lead to the highest present value for the firm. Assuming the outlays on all 
projects take place in a single time period, therefore, it was proposed by Lorie and Savage 
that the projects should be ranked by the ratios of their present value to cost and then to 
select projects from the top of the list until the budget is exhausted. This procedure does, in 
fact, maximize the present value of the firm under the indicated budget constraint, but only 
if there are no further interrelationships to be considered. It is possible, for example, that a 
single, large project may have a high ratio of present value to cost, but its size may preclude 
the execution of a number of small projects which together would yield a higher net present 
value through fuller explojtation of the budget constraint. This procedure fails when 
interrelationships among variables are present because this ranking is applied to projects 
individually, rather than to combinations of projects. The alternative of looking at all 
combinations of projects to select the set whose total present value is maxi.rrtized subject to 
the same budget li.rrtitation completely changes the nature of the problem, and its solution 
requires the use of more powerful techniques. 
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The problem of allocating fixed budget dollars among competing investment 
proposals, has a structure highly suggestive of linear programming (Weingartner, 1963). The 
choice is made from among a larger number of combinations of alternatives, each of which 
may be evaluated by a linear function. The main divergence from the strict linear 
programming format is that decisions about individual projects must be made on an all-or-
nothing basis. Reconstructing half a bridge, for example, is an inadmissible alternative. One 
of the earlier works dealing with linear programming in capital budgeting under conditions 
of certainty was that of Weingartner. He developed a model to solve the problem presented 
by Lorie and Savage (1955). The model employed an objective function composed of net 
present values of investment projects, and a combination of projects which, bringing the 
highest return to the firm, will be selected subject to constrained budgets. Then a simple 
model for selecting among independent projects whose total present value is maximum, but 
whose total cost falls within the budget limitation, is as follows: 
where: 
n 
Maximize L bjxj 
J•I 
D 
Subject to L c,1x1 ~ C1 , 
j•I 
bj = the present value of revenues from project j, 
c,1 = the costs of project j in year t, 
xj = the fraction of project j undertaken, and 
(20) 
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C1 = the budget constraint in year t. 
In the above model, the problem of interrelationship is solved because the linear 
programming solution implicitly looks at all combinations of projects. not just one project at 
a time, to select that set whose total present value is maximum. Funhennore, the upper limit 
of unity on each ~ guarantees no more than one of any project will be included in the final 
program. The omission of such a limitation would clearly lead to allocating the entire budget 
to multiples of the "best" projects. This model also considers outlays in several time periods 
so that specific budgets are met in each of these future time periods as well as in the current 
one. What this model does not accomplish is the elimination of fractional projects from the 
solution, since that would involve restrictions requiring the xj to be either zero or one. 
The above model was funher developed by adding another constraint to make it more 
realistic. 
D 
Maximize :E bjxj 
j•I 
n 
Subject to (a) L c1jxj ~ C1 
j•I (21) 
(b) 0 ~ Xj ~ 1 
(c) xJ integer. 
In the form of an integer prograrnming problem, this model accomplishes the 
following requirements. Integer programming, like linear programming, implicitly looks at 
all combinations of projects, not just one project at a time. The requirement that the ~ be 
integers together with the bounds placed on the "J makes each of these variables into an 
"ei ther/or," "go/no-go" variable which implies that a project is either accepted (that is, xi = 
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I) or rejected (that is, ~ = 0). It is thus impossible for one-third of a bridge to appear in the 
optimal solution. Integer programming is particularly suitable when there are additional 
constraints expressing contingency relationships among projects and when it is necessary to 
choose among projects in sets of mutually exclusive invesunent alternatives. 
The model provided by Weingartner was used for a firm to maximize its present 
value. Actually, linear and integer programming models can also be used in public sector 
decision making. Stuart (1970) proposed the use of linear programming to cope with rationing 
problems common to public sector capital budgeting. A simple linear programming model 
is used in the evaluation of alternative urban plans and improvement programs subject to total 
budget available. 
The E~ence of Simplex Method 
The general procedure for solving linear programming problems is the simplex 
method, developed in 1947 by George Dantzig (Liu, 1991). It has proven to be a remarkably 
efficient method. A geometric interpretation of the algorithm is illustrated by a simple 
example as follows (Swanson, 1980): 
Maximize Z = 3x1 + 2x2 
Subject to: 4x1 + 2x2 ~ 8 
2x1 + 4x2 ~ 8 
X 1, X2 ~ 0 
(22) 
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To solve this problem graphically, first the set of points (x 1, xi) which represents a 
feasible solution to the problem was constructed. This is the set of points that satisfies all the 
constraints. This set of points, called the solution space, is shown by the shaded section in 
Figure 13. The solution space is bounded by four straight lines and lies entirely within the 
first quadrant 
The objective function is a straight line for any selected value of Z. For each value 
of Z there is a different straight line, but all lines in the system are parallel, simply because 
the slope of any one of these lines is completely independent of the value of Z. 
The best solution is on the line from the entire system of parallel lines with the largest 
value of Z while having at least one point in or on the boundary of the solution space. The 
four constraint lines and their points of intersection are highlighted in the figure because they 
are the keys to the analysis. In particular, these points of intersection are the corner-point 
solutions of the problem. The four points that lie on the comers of the feasible region are the 
corner-point feasible solutions: 
(x1, xi) = (0, 0) with Zi= 0, 
(x 1, xi) = (0, 2) with Zi = 4, 
(x1, xi) = (2, 0) with Z:i = 6, 
(x1, xi) = (4/3, 4/3) with Z4 = 20/3. 
It is evident that the value of Z increases as the line is moved farther from the origin. 
Thus. for the two-dimensional case, it is necessary first to determine the direction of the line 
representing the function to be maximized. Then the line is moved as far away from the 
origin as possible while keeping at least one point in the feasible region. For this case it is 
' ' (0. 2) 
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Figure 13. Graphical iUustration of simplex method. 
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easily seen that the point (4/3, 4/3) is the only point meeting these conditions, and hence only 
Z for this point needs to be evaluated to find the maximum value. 
A Branch-and-Bound Algorithm for Mixed Integer Programming 
It seems that integer programming problems should be relatively easy to solve. In fact, 
pure integer programming problems with a bounded feasible region are guaranteed to have 
a finite number of feasible solutions. But finite numbers can be astronomically large. 
Consider for example, the simple case of binary integer programming problems. With n 
variables, there are 2° solutions to be considered. Thus, each time n is increased by one, the 
number of solutions is doubled. This pattern is referred to as the exponential growth of the 
djfficulty of the problem. When n=lO, there a.re a thousand solutions (1 ,024); when n=20, 
there are more than a million; and so forth. Therefore, even the fastest computers are 
incapable of performing exhaustive enumeration for binary integer programming problems 
with more than a few dozen variables. Thus, the primary deterrrunant of computational 
difficulty for an IP problem is the number of integer variables. This si tuation is in contrast 
to linear programming, where the number of functional constraints is much more import.ant 
than the number of variables (Liu, 1991). 
Most algorithms for integer programming incorporate the simplex method as much as 
they can by relating ponions of the integer programming problem under consideration to the 
corresponding linear programming problem (i .e., the same problem, except the integer 
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restriction is deleted). For any given integer programming problem, this corresponding linear 
programming problem is commonly referred to as its LP-relaxation. 
When the optimal solution to an LP-relaxation problem turns out to satisfy the integer 
restriction of the corresponding integer programming problem, this solution must be optimal 
for the integer programming problem as well. This is because it is the best solution among 
all feasible solutions for the LP-relaxation which includes all feasible solutions for the integer 
programming problem. In this case, the problem is solved. On the other hand, if the integer 
restriction is not satisfied, further work is needed. An upper bound for the objective value of 
the integer programming problem, however, was obtained by examining the optimal objective 
value for the corresponding LP-relaxation problem. 
The basic concept underlying the branch-and-bound technique is to divide and 
conquer. Since the original "larger" problem is too difficult to be solved directly, it is divided 
into smaller and smaller subproblems until these subproblems can be solved. The dividing 
is done by branching (i.e., partitioning) the entire set of feasible solutions into smaller and 
smaller subsets. The conquering is carried out by bounding how good the best solution in the 
subset can be, and then fathoming (i.e., discarding) the subset if its bound indicates it cannot 
possibly contain an optimal solution for the original problem. 
A simple example is presented below to show how a branch-and-bound algorithm is 
used for mixed integer programming. 
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Maximize U == 1000x1 +2000x2 + 400x3 + y 
Subject to: 1200x1 + 1800x2 + 300x3 + y ~ 4000 
Xj ~1 
(23) 
xJ ~ 
x. is integer, for j ::: 1, 2, 3 
J 
y ~o 
where the last three constraints restrict JS to be binary. 
Initialization step 
The LP-relaxation of the original problem was formed by deleting the set of 
constraints, where xJ is an integer for j = 1, 2, 3. Applying the simplex method to this LP-
relaxation yields the optimal solution below. 
LP-relaxation of whole problem: 
(x1, x2, x3, y) = (0, 0, 13.33, 0), with U = 5333.33. 
Since the value for x3 is not an integer, further work is needed. However, it is known 
that the objective value for all feasible solutions to the original mixed integer programming 
problem must be no greater than 5333.33. 
Iteration 1 
Branching: panition the set of feasible solutions into subsets. In a mixed integer 
situation, the only variables considered are the integer-restricted variables that have a 
noninteger value in the optimal solution for the LP-relaxation of the current subproblem. The 
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rule for choosing among these variables is to select the first one in the natural ordering. In 
the optimal solution for the LP-relaxation of whole problem, the first and the only integer-
restricted variable that has a noninteger value is x3 = 13.33, so x3 becomes the branching 
variable. Fix x3 = 0 for one subset and x3 = l for the other subset. Substituting the assigned 
value for x3 into the original mixed integer subproblems. 
Subproblem #1: Original problem plus x3 = 0, 
Subproblem #2: Original problem plus x3 = 1. 
Bounding: For each of these subproblems, it is necessary to obtain a bound on how 
good its best feasible solution can be. The standard way of doing this is to solve an LP-
relaxation of the subproblems, which can be obtained from the subproblems by replacing the 
constraint "xj is binary" by "O ~ ~ ~ 1" for j = 1, 2. Applying the simplex method to the 
relaxed problems then yields their optimal solutions. 
LP-relaxation of Subproblem #1: 
(x 1, x2• x3, y) = (0, 2.22, 0, 0), with U = 4444.44 
LP-relaxation of Subproblem #2: 
(x 1, x2, x3, y) = (0, 2.06, 1, 0), with U = 4511.11 
Since the objective value of the LP-relaxation of a subproblem cannot be smaller than 
the objective value of the subproblem itself, the bound for Subproblem #1 is U ~ 4444.44, 
and that for Subproblem #2 is U ~ 4511.11. If the integer-restricted variables are ail integers 
in the optimal solution for the subproblem's LP-relaxation, then it should be stored as an 
incumbent U*. Obviously that the solution for Subproblem #1 and #2 are not incumbents. 
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Fathoming: A subproblem can be conquered (fathomed), and thereby clismissed from 
further consideration, in the three ways described below. 
Test 1: Its bound is ~ U* (operational only when U* becomes available). 
Test 2: Its LP-relaxation has no feasible so lutions, 
Test 3: The integer-restricted variables are all integers in the optimal solution for the 
subproblem's LP-relaxation. (Then it should be stored as the new incumbent U*). 
Subproblem #1 and #2 fail all fathoming tests. (Test 1 isn't operational as the first 
incumbent has not been found yet) 
Iteration 2 
Examining the optimal solution to the LP-relaxation of Subproblem #1 given above, 
the branching variable is x2 because x2 = 2.22 is the fust and the only integer-restricted 
variable that has a noninteger value. Adcling one of the constraints, x2 = 0 or x2 = 1, then 
creates the following two new subproblems. 
Subproblem #3: Original problem plus x2 = 0 and x3 = 0, 
Subproblem #4: Original problem plus x2 = l and x3 = 0. 
Solving their LP-relaxations gives the following results: 
LP-relaxation of Subproblem #3: 
(x1, x2, X3, y) = (0, 0, 0, 4000), with U = 4000, 
LP-relaxation of Subproblem #4: 
(x1, x2, x3, y) = (0, 1, 0, 2200), with U = 4200. 
91 
The integer-restricted variables are all integers in the optimal solution for both 
subproblem's LP-relaxation, thus Subproblem #3 and #4 are both fathomed by Test 3. 
Because the optimal solution of U in Subproblem #4 is bigger than that in Subproblem #3, 
the optimal solution in #4 should be stored as the first incumbent. 
Iteration 3 
Now go back to Subproblem #2, examining the optimal solution to the LP-relaxation 
of Subproblem #2, the branching variable is also x2 because x2 = 2.06 is the only integer-
restricted variable that has a noninteger value. The two new subproblems are as follows: 
Subproblem #5: Original problem plus x2 = 0 and x3 = 1, 
Subproblem #6: Original problem plus Xi = l and x3 = 1. 
Solving their LP-relaxations gives the following results: 
LP-relaxation of Subproblem #5: 
(x1, x2, x3 , y) = (0, 0, 1, 3700), with U = 4100, 
LP-relaxation of Subproblem #6: 
(x1, x2, X3 , y) = (0, 1, 1, 1900), with U = 4300. 
The integer-restricted variables are all integers m the optimal solution for both 
subproblem's LP-relaxation. Subproblem #5 is fathomed by Test 1 and 3, and Subproblem 
#6 is fathomed by Test 3. Because the optimal solution of U in Subproblem #6 is bigger than 
the first incumbent (U=4200), it should be stored as the new incumbent: 
(Incumbent) = (0, 1, l, 1900), with U* = 4300. 
Since no subproblem remains unfathomed, the current incumbent is optimal. 
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Development of General Algebraic Modeling System 
An example was presented above to solve a MIP problem using a branch-and-bound 
algorithm. There are only three integer decision variables and three constraints involved in 
that example. If there is a large number of variables and constraints involved, it is impossible 
to solve it using manual calculation, and a computer should be used to find the optimal 
solution quickly and accurately. 
Substantial progress was made in the 1950s and 1960s with the development of 
algorithms and computer codes to solve large mathematical programming problems (inclucling 
LP and MIP problems). The number of applications of these tools in the 1970s was less than 
expected, however, because even then best available techniques for developing and solving 
large optimization models had serious flaws. The impetus for the development of GAMS (the 
acronym stands for General Algebraic Modeling System) arose out of the frustrating 
experiences of an economic modeling group at the World Bank (Brooke et al., 1988). The 
programmers in the group wrote FORTRAN programs to prepare each model for solution; 
the work was dull but demanding, and errors were easy to make and difficult to identify. 
Meanwhile, the economists involved frequently found the computer representations of their 
models complicated and time-consuming to understand and work with; the model's 
programmer was often the only person who knew exactly how it functioned. Thus, if a 
programmer resigned, it took months for a successor to master the model. Models were also 
difficult and expensive to change, particularly if the contemplated change had not been 
foreseen and planned. GAMS is designed to change this situation by making the construction 
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and solution of larger and complex mathematical programming models more straightforward 
for programmers and more comprehensible to users of models from other disciplines, e.g., 
economists. Because it can make concise algebraic statements of models in language that are 
easily read by both modelers and computers, GAMS can substantially improve the 
productivity of modelers and greatly expand the extent and usefulness of mathematical 
programming applications in economic analysis and decision making. 
Model of Study 
In the previous chapters, decisions as to whether a bridge should be reconstructed 
were based on benefit-cost analyses. That is, reconstruction projects were ranked using the 
benefit-cost ratio. Projects would be selected from the top of the list until the budget was 
exhausted. This procedure is similar to Lorie and Savage's ranking of the ratios of present 
value to cost of a finn. It maximizes the total benefit of society under the indicated budget 
constraint, but only if there are no further interrelationships to be considered. Ranking by 
benefit-cost analysis, however, will not necessarily produce the best solution because it is 
applied to each individual project, rather than to combinations of projects. All combinations 
of projects should be evaluated together to select the set whose total social benefit is 
maximized subject to a budget constraint. 
Based on Weingartner's model, a model was developed to maximize the total social 
benefit of the county bridges subject to the budget constraint of a local government. 
where: 
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n 
Maximize U = L bixJ + f(y) 
j•I 
0 
Subject to L cJxi + y ~ I , 
j•I 
y ~a' 
xi = 0 or 1 
(24) 
U = the total social benefit from all the services provided by local government, 
bi = the present value of benefit from keeping the jth bridge, 
cJ = the 1994 investment cost on the jth bridge, 
xi = the status of a bridge (xJ = 1 if bridge open, or xi = 0 if bridge closed), 
y = all the other services provided by the local government, 
f(y) = the net benefit from all the other services, 
a = the minimum money for all the other services, and 
I = the total budget available for the local government 
For simplicity, assume f(y) = y. The objective function then becomes: 
n 
u =I: bjxj + y 
j•I 
(25) 
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The Data 
According to the report on Pottawattamie County bridges dated June 1, 1994, there 
are 378 county bridges in this county. Among them, 31 bridges have been closed, and 
approximately one-third have been posted. A posted bridge has a weight limit of less than 
80,000 pounds. Seven of these Pottawattamie County bridges were selected to be included 
in this traffic rerouting study. They are WV 13, GR 20, WV 15 on Indian Creek, and Y0-4, 
KC-2. HA- 1, and Y0-19 on Keg Creek, where j = 1, 2, . . . , 7 represents these seven bridges 
respectively in the order shown above. Only WV 15, HA-1 and Y0-19 have legal weight 
limits, the other four are posted in equation (26). bJ is defined as the present value of traffic 
rerouting cost savings for the jth bridge, and cJ is defined as the amount of money invested 
in the j th bridge in 1994. For demonstration reasons, assume that cl is equal to the sum of the 
present value of reconstruction cost and maintenance cost of bridge j, and it will be expended 
on the jth bridge in 1994. Table 22 shows approximate value of the 1994 Pottawattamie 
County budget. Table 23 shows the present value of benefits and 1994 investment costs of 
these seven selected Pottawattamie County bridges. 
For bridges in group A(P) and A(G), the present value of traffic rerouting cost savings 
after the bridge is rebuilt in 1995 until the next reconstruction date was estimated by equation 
(26): 
N TR. 
bj - E , 
lwO (1 +i)l99~'1 - 1994 
(26) 
where: 
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Table 22. Approximate 1994 Pottawattamie County budget. 
Major new construction 
Engineering and administration 
Equipment and building maintenance 
Road maintenance 
Bridge maintenance 
Total road fund 
Total county budget 
$ 1,500,000 
600,000 
1,700,000 
2,858 ,000 
242,000 
$ 6 '900 '()()() 
$ 26, ()()() '()()() 
Table 23 . The present value of benefit and 1994 investment cost for the selected bridges 
in Pottawattamie County. 
Average 1994 bridge Present value Ratio of 
daily Year investment of traffic Present value benefit 
Stream Bridge traffic built Group cost rerouting savings of net benefit to cost 
[ndian WV 13 10 1900 A(G) $44,682 $35,268 ($9,414) 0.79 
Indian GR20 15 1920 A(G) 54,549 83 ,346 28,797 1.53 \D ......i 
Indian WV 15 20 1987 B(G) 37,968 82,868 44,900 2. 18 
Keg Y0-4 20 1983 B(G) 23,502 36,975 13,473 1.57 
Keg KC-2 25 1955 B(G) 22,981 24,017 1,035 1.05 
Keg HA-I 35 1958 B(G) 25,746 7 1,438 45 ,692 2.77 
Keg Y0-19 300 1960 B(P) 27,031 1,214,998 1, 187,967 44.95 
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b1 = the present value of traffic rerouting cost of the jth bridge, 
TRJ = the annual traffic rerouting cost of the jth bridge, 
t = years after 1995, 
N = the life cycle of a county bridge, and 
i = the long run real interest rate. 
For bridges in group B(P) and B(G), the present value of traffic rerouting cost from 
1994 until the next reconstruction date is calculated by equation (27): 
where: 
t = years after 1994, and 
N 
LTRj 
bj = -·~-­
(1 +i)1 
(27) 
N = the number of years in the future in which the reconstruction is required 
(defined as: the year built + life cycle of a bridge - 1994). 
The total county budget I is $26,000,000. The total budget includes $6,900,000 of road 
funds, and $19, I 00,000 for services other than roads, mostly mandated mental health funding. 
There are three categories of fixed road costs: engineering and administration, equipment and 
building maintenance, and road maintenance. 
The problem was formulated as follows: suppose that money spent on all the other 
services must be equal to or greater than $24,258,000 (y ~ $24,258,000), which is the sum 
of the three items of fixed costs and the non-road use funds. How much of the remaining 
funds should be expended on these seven bridges? 
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Results 
The mixed integer programming model (i ts integer decision variables are binary 
variables) was solved using a computer program in GAMS, and the optimal solution was 
found to be: 
with y = $25,808,000, and U = $27 ,322,000. 
where j = 1, 2, ... , 7 represents bridges WV 13, GR 20, WV 15, Y0-4, DC-2, HA-1, and 
Y0-19 respectively. The x/ s tell us that six of the seven bridges should remain open. 
The results show that bridge WV 13 should not be reconstructed and repaired, but the 
other six bridges should be reconstructed. This is exactly what the benefit-cost ratio indicates. 
WV 13 has a benefit-cost ratio smaller than 1, and the other six bridges have benefit-cost 
ratios greater than 1. Thus, if there is sufficient funding to reconstruct and maintain all the 
bridges, the result from the budget constraint model will be the same as that from benefit-cost 
analysis. 
Suppose the federal government requires the local government to spend more money 
on health and education projects. The money for all the other services will be at least 
$25,838,223. Only $161,777 would be designated for these seven selected bridges. The 
problem was solved again, and the second optimal solution was found: 
(x i, X2, X3, X4, X5, x6, X7) = (0, 1, 1, 0, 0, 1, 1), 
with y = $25,855,000, and U = $27 ,307 ,000. 
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The results show that bridges WV 13, Y0-4 and KC-2 should not be reconstructed. 
Since the present value of net benefit for WV 13 is negative, the decision variable x1 in the 
optimal solution will always be zero. It is not reasonable to invest in something which costs 
more than it returns. Notice that the benefit-cost ratio in Table 23 is not exactly the same as 
that in Table 9, because in Table 23, it is the ratio of the present value of traffic rerouting 
savings to the 1994 total investment costs, while in Table 9 it is the ratio of annual traffic 
rerouting savings to annualized total costs. In Table 23, Y0-4 has a higher benefit-cost ratio 
than GR 20. According to the benefit-cost analysis, Y0-4 should be invested prior to GR 20, 
however, the second optimal solution shows an opposite decision. The reason is as follows: 
There is at most $161,777 available on these seven selected bridges. Y0-19, HA-1, and WV 
15 are bridges with significantly high benefit-cost ratios and very high social benefits, 
obviously they should be invested first. After reconstructing and repairing these three bridges, 
there is $71,032 left. The remaining money is insufficient to invest in all the remaining three 
bridges. Only four alternatives remain: 
(1) it could be expended on both Y0-4 and KC-2, 
(2) GR 20 only, 
(3) Y0-4 only, and 
(4) KC-2 only. 
Alternative (1) is better than (3) or (4) because the social benefit from (1) is a sum 
of that from (3) and (4). The social benefit of alternative (2) is $22,354 more than that of (1). 
Therefore, alternative (2) is the best choice. After reconstructing GR 20, there is only $16,483 
left, and it is not enough for either Y0-4 or KC-2. This remaining money will be invested 
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in all the other services, or held over for bridges in the next year. In Table 23, the benefit-
cost ratio of all the other services is not shown. f(y) is the benefit, and y is the cost of 
providing all the other services. Since we assume that f(y) =y, benefit and cost are equal to 
each other, thus the benefit-cost ratio of providing all the other services is I . 
The above example shows that benefit-cost analysis will not necessarily give us the 
optimal solution. A bridge with higher benefit-cost ratio will not necessarily have the priority 
to another bridge with lower benefit-cost ratio. The budget constraint model maximizes the 
total social benefit of all the services provided by the local government, rather than the 
benefit of a single bridge. 
The benefit-cost analysis shows that we can rank the projects according to the benefit-
cost ratio, and invest from the highest ratio to the lowest until the money is exhausted. There 
are circumstances, however, that the benefit-cost ratio is insufficient to help us make the 
decision. For example, suppose bj = $40,000, $12,000, $8,000, $10,000, $6,000, $3,000, 
$1,500; cj = $20,000, $6,000, $4,000, $5,000, $3,000, $1,000, $1 ,000 for j = 1, 2, .. . , 7; and 
all the benefit-cost ratios are 2 except that the benefit-cost ratios for the sixth and seventh 
bridges are 3.0 and 1.5 respectively. Suppose that the total budget is still $26,000,000, and 
y ~ $25,980,000. In this situation, it is difficult to decide only by benefit-cost ratios, and it 
will be easier to select a best combination of projects with the budget constraint model. It 
seems that the first bridge should be reconstructed because it has the highest benefit, and the 
best result may be a combination of project 1 and 6, however, the budget is limited. The third 
optimal solution solved by the budget constraint model is: 
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with y = $25,980,000, and U = $26,020,500. 
If the first project was selected, the total social benefit will be $500 less than the 
above solution. Thus the total social benefit in the above solution is maximized. This example 
shows that a combination of small projects may yield greater benefit than a single large 
project The ~xamples shown here are very simple. When there are numerous projects 
involved and with a lot of constraints, this budget constraint model with a mixed integer 
programming will be more efficient to provide optimal solutions. 
Only seven bridges are tested in this model, while there are 347 open bridges in 
Pottawattamie County. The MIP model would be very useful in allocating funds among all 
bridges and roads in Pottawattamie County. 
It should be noted that data from Pottawattamie County are approximate values, and 
the present values of benefits and 1994 investment costs were obtained from only seven 
bridges in Pottawattamie. Furthermore, the 1994 investment costs were assumed to be the 
sum of present value of reconstruction and maintenance costs, which is not true in reality. 
Therefore, the optimal solutions presented above are not actual best solutions. It is just an 
demonstration of how to select a combination of projects which yield the greatest social 
benefit subject to a budget constraint. 
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CONCLUSIONS 
Summary of the Study 
Stream degradation has negative effects upon rural roads and bridges. The deepening 
and widening of the degrading streams has jeopardized the structural safety of many bridges. 
A bridge may deteriorate or fail due to degradation. 
Iowa's rural road and bridge system is deteriorating rapidly due to stream degradation 
and increasing traffic load. Much of the rural road system, particularly in the Midwest, is 
built on a one-mile grid system which produces an extensive network of earth, gravel and 
paved surface roads. Over 70 percent of bridges on this system were built prior to 1935 when 
traffic composition was much different. The deficient roads and bridges should be upgraded 
and maintained so as to meet economic needs. Insufficient funding, however, continues to 
worsen the situation. One alternative tested in this study is to selectively reduce the number 
of bridges maintained by local governments. 
Benefit-cost analysis was used to evaluate the alternative strategies on affected bridges 
in the study area Costs involved here were traffic rerouting costs, bridge maintenance costs, 
and bridge reconstruction costs. Decisions were made based on the magnitude of society's 
net benefits due to a bridge remaining open to the public and the costs of providing the 
bridge. Bridges with positive net cost savings should be kept in the road system, and those 
with negative cost savings should be closed. 
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The estimated costs of reconstruction and maintenance are based upon the length of 
a bridge. The length of a bridge is estimated by the depth of the stream. The stream is 
deepening over time because of degradation. This analysis is only concerned with degradation 
that occurred after stream straightening. The initial stream depths at the time of 
channelization in the study area were cited from documents, and assumptions and 
generalizations were made. Data about stream depths after channelization were obtained from 
the Iowa DOT bridge inventory repon. The predictions of stream degradation were made by 
changes in stream bed elevation through a constant degradation rate. 
TransCAD, a Transportation Geographic Information System (GIS) software package, 
was used to reroute traffic over these selected bridges. First, a cost minimizing base solution 
was run to estimate travel costs with each bridge open. Then, a minjmum cost solution was 
obtafoed after each bridge was closed. The difference between the cost of the two solutions 
was the estimated cost of traffic rerouting. 
Based on benefit-cost analysis, the following results are fou nd: All high traffic volume 
bridges (ADP-100) had positive net cost savings, and should be repaired and rebuilt on time; 
Some low traffic bridges (ADT <20) should not be reconstructed because there were not many 
trips over the bridges and the maintenance and reconstruction cost to the county exceeded the 
traffic savings to the public; Most middle volume bridges (20~DT <100) should be rebuilt, 
but some should not because of the small change in miles and high maintenance and 
reconstruction cost. The conclusion from the analysis indicates the possibility of abandoning 
bridges, with a net gain to society. 
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The benefit-<;ost analysis indicates that every bridge with a positive net benefit should 
be reconstructed, however, the budget available to a local government is not infinite. The 
projects invested in by the local government have to be under the ceiling of total budget. One 
possible way implied by benefit-cost analysis is to rank the reconstruction projects by benefit-
cost ratio and then to select projects from the top of the list until the budget is exhausted. 
This procedure maximizes the total benefit to society under the indicated budget constraint, 
but only if there are no further interrelationships to be considered. Ranking by benefit-cost 
ratio, however, will not necessarily produce the best solution because it is applied to each 
individual project, rather than to combinations of projects. A mixed integer programming 
model was developed to maximize the total social benefit of the county bridges subject to the 
budget constraint of a local government The model evaluated all combinations of projects 
together to select the set which yields the optimal total social benefit under the ceiling of 
budget constraint. The mixed integer programming problem was solved by a computer 
program in GAMS (General Algebraic Modeling System) to fi nd the optimal results. 
The approximate value of the 1994 Pottawattamie County budget was used in the 
model. It shows that if funding is sufficient to rehabilitate all the bridges, the result from the 
budget constraint model will be the same as that from benefit-<;ost analysis. If the funding 
is insufficient, however, benefit-cost analysis will not necessarily give us the optimal solution. 
A bridge with higher benefit-cost ratio will not necessarily have the priority to another bridge 
with lower benefit-cost ratio. The budget constraint model maximizes the total social benefit 
of all the services provided by the local government, rather than the benefit of a single 
bridge. Furthermore, a combination of small projects may yield greater benefit than a single 
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large project, and the model will always find the optimal solution which is hard to tell only 
by benefit-cost ratios. 
Limitations of the Analysis 
There are some limitations in this analysis. The stream depths after channelization 
from the Iowa DOT bridge inventory report are based on very limited data. Based on the 
Lohnes model, the rate of stream degradation varied by drainage area. Due to limited data, 
however, the prediction in this analysis is made for a whole stream, that is, each stream only 
has one degradation rate. This affects the accuracy of maintenance cost and reconstruction 
cost. 
The percentage of type of travel is from a survey conducted in 1982. The assumptions 
were made that the travel pattern of each county in the study area is similar to that of Shelby 
County and the 1982 travel patterns remain constant over time. But in reality, the travel 
patterns might differ from county to county, and the 1982 distribution might have changed. 
The average daily traffic from the bridge inventory report may not be accurate. In the traffic 
rerouting procedure, a node near to the bridge was selected as origin, and a node in the 
nearest town or county seat is selected as destination. But this may not exact in reality. AU 
these limitations affect the accuracy of traffic rerouting costs. 
Data from Pottawattamie County are approximate values, and the present values of 
benefits and 1994 invesunent costs were obtained from only seven bridges in Pottawattamie. 
The 1994 investment costs were assumed to be the sum of the present value of reconstruction 
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and maintenance costs, which is not true in reality. Therefore, the optimal solutions presented 
in this study may not be actual best solutions. 
Because of the limitations of this analysis, the method presented in this study is a 
demonstration of how to estimate the benefits and costs of keeping individual bridges 
crossing degrading streams, and how to select a combination of projects whose total social 
benefit is maximized subject to a budget constraint, rather than an actual result about what 
should be done. The problems mentioned above should be properly addressed in any future 
study. 
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APPENDIX A. DERIVATION OF A EQUATION 
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The derivation of the equation for annualizing the present value of future investments 
over the life cycle of the bridge is as follows (White, 1989). 
PV is the present value of the investment. AC is the annualized investment cost over 
the life cycle of the bridge, N is the number of years of the life cycle of the roads, and i is 
the long term real interest rate. 
PV = AC(l +ir1 +AC(l +ir2+ ... +AC(l +i)-<N-•>+AC(l +irN (Al) 
or, using the summation notation, 
N 
PV = L AC (1 +i)-i (A2) 
1•1 
Letting X = (1 +i)" 1 and bringing AC outside the summation yields: 
N N 
PV = AC L x I = (AC) x L x t - I (A3) 
Letting h = t -1 gives the geometric series: 
N-1 
p =(AC) x E x b (A4) 
b-0 
Since the summation in the above equation represents the first N terms of a geometric 
series, the closed form value for the summation is given by: 
N•I } - X N E xb =--
b-0 1 - x 
(A5) 
Hence, on substituting equation (A5) into equation (A4), equation (A6) is obtained: 
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PV = (AC) x ( 1 - x N) 
1 - x 
(A6) 
Replacing X with (1 +i)"1 yields the following relationship between PV and AC. 
So we get equation (A8): 
PV = AC( (1 +i)N-1} 
i(l +it 
AC = PV ( i(l +i)N} 
(l+it-1 
(A7) 
(A8) 
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APPENDIX B. ADDITIONAL TABLES OF TRAFFIC REROUTING 
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Table Bl. Estimated total miles driven for the trips crossing the bridge C 213 
on McElhaney Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
TyPe of travel Miles of total Miles of total Miles base solution 
Household 
Auto 0 0.00 0 0.00 0 0.00 
Pickup 0 0.00 0 0.00 0 0.00 
Truck 0 0.00 0 0.00 0 0.00 
Subtotal 0 0.00 0 0.00 0 0.00 
Farm 
Auto 185 2.02 330 2.02 145 78.09 
Pickup 7,218 78.79 12,855 78.79 5,636 78.09 
SA 593 6.47 1,056 6.47 463 78.09 
TA 232 2.54 414 2.54 181 78.09 
Semi 69 0.76 123 0.76 54 78.09 
TW 864 9.43 1,538 9.43 674 78.09 
Subtotal 9, 162 100.00 16,3 16 100.00 7, 154 78.09 
Other 
School bus 0 0.00 0 0.00 0 0.00 
Post Office 0 0.00 0 0.00 0 0.00 
Subtotal 0 0.00 0 0.00 0 0.00 
Grand Total 9,162 100.00 16,3 16 100.00 7,154 78.09 
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Table B2. Estimated total variab le cost of a ll travel crossing the bridge C 2 13 
on McElhaney Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base so lution 
Household 
Auto $0 0.00 $0 0.00 $0 0.00 
Pickup 0 0.00 0 0.00 0 0.00 
Truck 0 0.00 0 0.00 0 0.00 
Subtotal $0 0.00 $0 0.00 $0 0.00 
Farm 
Auto $52 1.25 $87 1.26 $35 67.68 
Pickup 2,025 48.92 3,396 49.11 1,371 67.71 
SA 371 8.95 617 8.92 246 66.41 
TA 199 4.81 331 4.79 132 66.42 
Semi 68 1.63 112 1.63 45 66.42 
TW 1,425 34.43 2,372 34.30 946 66.41 
Subtotal 4,139 100.00 6,914 100.00 2,776 67.06 
Other 
School bus $0 0.00 $0 0.00 $0 0.00 
Post Office 0 0.00 0 0.00 0 0.00 
Subtotal 0 0.00 0 0.00 0 0.00 
Grand Total $4, 139 100.00 $6,914 100.00 $2,776 67.06 
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Table 83. Estimated total miles driven for the trips crossing the bridge C 274 
on McElhaney Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Mi les base solution 
Household 
Auto 85,822 76.08 88,574 75.41 2,752 3.21 
Pickup 10,928 9.69 11,279 9.60 350 3.21 
Truck 2,914 2.58 3,008 2.56 93 3.21 
Subtotal 99,664 88.35 102,860 87.57 3, 196 3.21 
Farm 
Auto 25 1 0.22 279 0.24 28 10.98 
Pickup 9,805 8.69 10,881 9.26 1,076 10.98 
SA 806 0.71 894 0.76 88 10.98 
TA 316 0.28 350 0.30 35 10.97 
Semi 94 0.08 104 0.09 10 10.98 
TW 1,173 1.04 1,302 1.11 129 10.98 
Subtotal 12,445 11 .03 13,811 11.76 1,366 10.98 
Other 
School bus 240 0.21 279 0.24 39 16.06 
Post Office 461 0.41 512 0.44 51 10.98 
Subtotal 701 0.62 790 0.67 89 12.72 
Grand Total 112,810 100.00 117,461 100.00 4,651 4.12 
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Table 84. Estimated total variable cost of all travel crossing the bridge C 274 
on McElhaney Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $19,062 69.50 $20,111 67.87 $1 ,049 5.50 
Pickup 2,427 8.85 2,56 1 8.64 134 5.50 
Truck 1,358 4.95 1,442 4 .87 84 6.19 
Subtotal $22,847 83.30 $24, 114 81.38 $1,267 5.54 
Farm 
Auto $56 0.21 $67 0.23 $11 19.08 
Pickup 2, 195 8.00 2,6 14 8.82 419 19.07 
SA 379 l .38 461 1.55 81 21.45 
TA 204 0.74 247 0.83 44 21.45 
Semi 69 0.25 84 0.28 15 21.45 
TW 1,458 5.32 L,771 5.98 313 21.45 
Subtotal 4,362 15.90 5,244 17.70 882 20.22 
Other 
School bus $115 0.42 $149 0.50 $34 29.93 
Post Office 103 0.38 123 0.41 20 19.08 
Subtotal 218 0.79 272 0.92 54 24.79 
Grand Total $27,427 100.00 $29,630 100.00 $2,203 8.03 
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Table B5. Estimated total miles driven for the trips crossing the bridge IC-122 
on Indian Creek. 
Solution w1 th bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 132,173 79.21 131,657 78.64 (5 16) -0.39 
Pickup 16,830 10.09 16,764 10.01 (66) -0.39 
Truck 4,488 2.69 4,471 2.67 (18) -0.39 
Subtotal 153,491 91.98 152,892 9 1.32 (599) -0.39 
Farm 
Auto 254 0.15 276 0.16 22 8.62 
Pickup 9,908 5.94 10,762 6.43 854 8.62 
SA 814 0.49 884 0.53 70 8.62 
TA 319 0.19 346 0.21 27 8.62 
Semi 95 0.06 103 0.06 8 8.62 
TW 1,186 0.71 1,288 0.77 102 8.62 
Subtotal 12,575 7.54 13,659 8.16 1,084 8.62 
Other 
School bus 339 0.20 368 0.22 29 8.62 
Post Office 466 0.28 506 0.30 40 8.62 
Subtotal 804 0.48 874 0.52 69 8.62 
Grand Total 166,870 100.00 167,425 100.00 554 0.33 
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Table B6. Estimated total variable cost of all travel crossing the bridge f C- 122 
on Tndian Creek. 
Solution with bridge Solution wi thout bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $27,645 73 .27 $28,866 70.3 1 $1,22 1 4.42 
Pickup 3,520 9.33 3,676 8.95 155 4.42 
Truck 2,003 5.31 2,108 5.13 105 5.25 
Subtotal $33, 168 87.9 1 $34,649 84.40 $1,481 4.47 
Farm 
Auto $55 0. 15 $76 0.18 $21 37.80 
Pickup 2, 149 5.70 2,961 7.21 812 37.80 
SA 377 1.00 540 1.31 162 43.01 
TA 203 0.54 290 0.7 1 87 43.01 
Semi 69 0.18 98 0.24 30 43.02 
TW 1,451 3.85 2,075 5.06 624 43.01 
Subtotal 4,304 11 .41 6,04 1 14.71 1,736 40.34 
Other 
School bus $ 157 0.42 $225 0.55 $68 43.02 
Post Office 101 0.27 139 0.34 38 37.80 
Subtotal 258 0.68 364 0.89 106 40.98 
Grand Total $37,730 100.00 $41,054 100.00 $3,323 8.81 
123 
Table B7. Estimated total miles driven for the trips crossing the bridge IC-153 
on Indian Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
TYPe of travel Miles of total Miles of total Miles base solution 
Household 
Auto 99,861 84.03 111,362 80.13 11,502 11.52 
Pickup 12, 716 10.70 14,180 10.20 1,465 11.52 
Truck 3,391 2.85 3,781 2.72 391 11.52 
Subtotal 115,967 97.59 129,324 93.05 13,357 11.52 
Farm 
Auto 47 0.04 176 0.13 129 277.63 
Pickup 1,815 1.53 6,854 4.93 5,039 277.65 
SA 149 0.13 563 0.41 414 277.64 
TA 58 0.05 221 0.16 162 277.62 
Semi 17 0.01 66 0.05 48 277.59 
TW 217 0.18 820 0.59 603 277.64 
Subtotal 2,304 1.94 8,700 6.26 6,396 277.64 
Other 
School bus 478 0.40 634 0.46 156 32.67 
Post Office 85 0.07 322 0.23 237 277.64 
Subtotal 563 0.47 957 0.69 393 69.76 
Grand Total 118,834 100.00 138,980 100.00 20, 146 16.95 
-----
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Table B8. Estimated total variable cost of all travel crossing the bridge lC-153 
on Indian Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $20,635 79.40 $23,253 73.61 $2,618 12.69 
Pickup 2,628 I 0.11 2,961 9.37 333 12.69 
Truck 1,492 5.74 1,684 5.33 192 12.89 
Subtotal $24,754 95.25 $27,898 88.32 $3,144 12.70 
Farm 
Auto $12 0.05 $42 0.13 $30 238.75 
Pickup 487 1.87 1,650 5.22 1,163 238.59 
SA 89 0.34 292 0.92 203 229.10 
TA 48 0.18 157 0.50 109 229. 11 
Semi 16 0.06 53 0.17 37 229.05 
TW 341 1.31 1, 122 3.55 78 1 229.12 
Subtotal 993 3.82 3,317 10.50 2,323 233 .88 
Other 
School bus $219 0.84 $296 0.94 $77 35.21 
Post Office 23 0.09 78 0.25 55 238.54 
Subtotal 242 0.93 374 1.18 132 54.47 
Grand Total $25,989 100.00 $31 ,588 100.00 $5,599 21.54 
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Table 89. Estimated total miles driven for the trips crossing the bridge GARF 501 
on lndian Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 29,603 68.83 29,732 63 .41 129 0.44 
Pickup 3,770 8.76 3,786 8.07 16 0.44 
Truck 1,005 2.34 1,010 2.15 4 0.44 
Subtotal 34,378 79.93 34,528 73.64 150 0.44 
Farm 
Auto 160 0.37 233 0.50 73 45.29 
Pickup 6,252 14.54 9,083 19.37 2,83] 45.29 
SA 514 1.19 746 1.59 233 45.29 
TA 201 0.47 292 0.62 91 45.28 
Semi 60 0.14 87 0.19 27 45.29 
TW 748 1.74 1,087 2.32 339 45.29 
Subtotal 7,935 18.45 ] 1,529 24.59 3,594 45.29 
Other 
School bus 402 0.93 404 0.86 2 0.44 
Post Office 294 0.68 427 0.91 133 45.29 
Subtotal 696 1.62 831 1.77 135 19.38 
Grand Total 43,009 100.00 46,888 100.00 3,878 9.02 
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Table B 10. Estimated total variable cost of all travel crossing the bridge GARF 501 
on Indian Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $6,529 58.3 l $6,604 53 .59 $75 1.14 
Pickup 831 7.42 841 6.82 9 1.14 
Truck 474 4.23 483 3.92 9 1.91 
Subtotal $7,835 69.96 $7,928 64.34 $93 1.1 9 
Fann 
Auto $39 0.35 $52 0.43 $13 33.70 
Pickup 1,531 13.67 2,047 16.61 516 33.71 
SA 275 2.46 360 2.92 85 30.96 
TA 148 1.32 194 1.57 46 30.96 
Semi 50 0.45 66 0.53 16 30.96 
TW 1,058 9.45 l,386 11 .25 328 30.97 
Subtotal 3, 102 27.70 4,105 33.32 1,004 32.35 
Other 
School bus $190 1.69 $193 1.57 $4 1.91 
Post Office 72 0.64 96 0.78 24 33.70 
Subtotal 262 2.34 290 2.35 28 10.66 
Grand Total $11 ,198 100.00 $12,323 100.00 $1, 124 10.04 
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Table B 11 . Estimated total miles driven for the trips crossing the bridge LINC 320 I 
on f ndian Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Mi les of total Miles of total Miles base solution 
Household 
Auto 11 9,661 67.67 119,069 62.96 (591) -0.49 
Pickup 15,237 8.62 15, 162 8.02 (75) -0.49 
Truck 4,063 2.30 4,043 2.14 (20) -0.49 
Subtotal 138,96 l 78.59 138,274 73.12 (687) -0.49 
Farm 
Auto 706 0.40 959 0.51 253 35 .84 
Pickup 27,528 15.57 37,393 19.77 9,865 35.84 
SA 2,262 l.28 3,072 1.62 811 35.84 
TA 886 0.50 1,203 0.64 317 35.84 
Semi 264 0.15 358 0.19 95 35.83 
TW 3,294 1.86 4,474 2.37 1,180 35.84 
Subtotal 34,939 19.76 47,460 25.10 12,521 35.84 
Other 
School bus 1,625 0.92 1,617 0.86 (8) -0.49 
Post Office 1,294 0.73 1,758 0.93 464 35.84 
Subtotal 2,919 l.65 3,375 1.78 456 15 .6 l 
Grand Total 176,819 100.00 189,109 100.00 12,290 6.95 
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Table B 12. Estimated total variable cost of a ll travel crossing the bridge LINC 320 1 
on Indian Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $26,387 56.43 $26,892 53.52 $505 1.91 
Pickup 3,360 7. 19 3,424 6.8 1 64 1.91 
Truck 1,912 4.09 1,962 3.90 49 2.59 
Subtotal $3 1,659 67.70 $32,278 64.24 $619 1.96 
Farm 
Auto $177 0.38 $215 0.43 $38 21.45 
Pickup 6,906 14.77 8,386 16.69 1,481 2 1.45 
SA 1,245 2.66 1,472 2.93 226 18. 17 
TA 669 1.43 790 1.57 122 18.1 7 
Semi 227 0.49 268 0.53 41 18.17 
T W 4,789 10.24 5,659 11.26 870 18.17 
Subtotal 14,013 29.97 16, 791 33.42 2,778 19.83 
Other 
School bus $765 1. 64 $785 1.56 $20 2.59 
Post Office 325 0.69 394 0.78 70 21.44 
Subtotal 1,090 2.33 1, 179 2.35 89 8.20 
Grand Total $46,762 100.00 $50,248 100.00 $3,487 7.46 
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Table B 13 . Estimated total miles driven for the trips crossing the bridge WV 13 
on fndian Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Mi les of total Miles of total Mi les base solution 
Household 
Auto 0 0.00 0 0.00 0 0.00 
Pickup 0 0.00 0 0.00 0 0.00 
Truck 0 0.00 0 0.00 0 0.00 
Subtotal 0 0.00 0 0.00 0 0.00 
Farm 
Auto 752 2.02 80 1 2.02 49 6.47 
Pickup 29,333 78.79 3 1,23 1 78.79 1,898 6.47 
SA 2,410 6.47 2,566 6.47 156 6.47 
TA 944 2.54 1,005 2.54 6 1 6.47 
Semi 28 1 0.76 299 0.76 18 6.47 
TW 3,510 9.43 3,737 9.43 227 6.47 
Subtotal 37,230 100.00 39,639 100.00 2,409 6.47 
Other 
School bus 0 0.00 0 0.00 0 0.00 
Post Office 0 0.00 0 0.00 0 0.00 
Subtotal 0 0.00 0 0.00 0 0.00 
Grand Total 37,230 100.00 39,639 100.00 2,409 6.47 
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Table B 14. Estimated total variab le cost of all travel crossing the bridge WV 13 
on Indian Creek. 
Solution wi th bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $0 0.00 $0 0.00 $0 0.00 
Pickup 0 0.00 0 0.00 0 0.00 
T ruck 0 0 .00 0 0.00 0 0.00 
Subtotal $0 0.00 $0 0.00 $0 0.00 
Farm 
Auto $162 1.28 $181 l.27 $1 9 11.82 
Pickup 6,302 49.86 7,047 49.67 745 11.82 
SA l , 110 8.78 1,25 1 8.82 14 1 12.72 
TA 596 4.7 1 672 4.73 76 12.72 
Semi 202 1.60 228 1.61 26 12.72 
T W 4,267 33.76 4,8 10 33.90 543 12.72 
Subtota l 12,639 100.00 14, 188 100.00 1,550 12.26 
Other 
School bus $0 0.00 $0 0.00 $0 0.00 
Post Office 0 0.00 0 0.00 0 0.00 
Subtotal 0 0.00 0 0.00 0 0.00 
Grand Total $12,639 100.00 $ 14, 188 100.00 $1,550 12.26 
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Table B 15. Estimated total miles dri ven fo r the trips crossing the bridge GR 20 
on Indian Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 94, 13 1 77.93 100,355 75.6 1 6,224 6.61 
Pickup 11 ,986 9.92 12,779 9.63 793 6.61 
Truck 3,1 96 2.65 3,408 2.57 2 11 6.6 1 
Subtotal 109,314 90.50 l 16,541 87.80 7,228 6.61 
Farm 
Auto 2 16 0. 18 306 0.23 90 41 .77 
Pickup 8,404 6.96 11 ,9 15 8.98 3,5 10 41.77 
SA 69 1 0.57 979 0.74 288 41 .77 
TA 270 0.22 383 0.29 11 3 41 .77 
Semi 8 1 0.07 114 0.09 34 41.77 
TW 1,006 0.83 1,426 1.07 420 4 1.77 
Subtota l 10,667 8.83 15, 123 11 .39 4,455 41 .77 
Other 
School bus 411 0.34 504 0.38 93 22.58 
Post Office 395 0.33 560 0.42 165 41 .77 
Subtota l 806 0.67 1,064 0.80 258 31.98 
Grand Total 120,787 100.00 132,728 100.00 1] ,941 9.89 
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Table B 16. Estimated total variable cost of all travel crossing the bridge GR 20 
on Jndian Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base so lution 
Household 
Auto $20.617 69.34 $21,9 19 65.64 $1,302 6.32 
Pickup 2,625 8.83 2,79 1 8.36 166 6.32 
Truck I 505 5.06 1,599 4.79 94 6.27 
Subtotal $24,748 83.23 $26,3 10 78.78 $ 1,562 6.3 1 
Farm 
Auto $59 0.20 $84 0.25 $25 43 .03 
Pickup 2,287 7.69 3,272 9.80 985 43.05 
SA 416 1.40 596 1.78 180 43 .35 
TA 223 0.75 320 0.96 97 43.35 
Semi 76 0.26 109 0.33 33 43.34 
TW l ,599 5.38 2,292 6.86 693 43.35 
Subtotal 4,660 15.67 6,672 19.98 2,013 43.20 
Other 
School bus $2 18 0.73 $259 0.78 $41 18.92 
Post Office 108 0.36 154 0.46 46 43.04 
Subtotal 326 1.10 41 3 1.24 88 26.89 
Grand Total $29,733 100.00 $33,396 100.00 $3,663 12.32 
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Table B 17. Estimated total miles driven for the trips crossing the bridge WV l 5 
on Indian Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 126,024 74.79 133,549 73.71 7,524 5.97 
Pickup 16,047 9.52 17,005 9.39 958 5.97 
Truck 4,279 2.54 4,535 2.50 256 5.97 
Subtotal 146,351 86.86 ] 55,089 85.60 8,738 5.97 
Farm 
Auto 420 0.25 495 0.27 75 17.81 
Pickup 16,399 9.73 19,320 10.66 2,92 1 17.8 1 
SA 1,347 0.80 1,587 0.88 240 17.81 
TA 528 0.31 622 0.34 94 17.81 
Semi 157 0.09 185 0.10 28 17.81 
TW 1,962 1.1 6 2,3 12 1.28 350 17.81 
Subtotal 20,814 12.35 24,521 13.53 3,707 17.81 
Other 
School bus 561 0.33 66 1 0.36 100 17.81 
Post Office 771 0.46 908 0.50 137 17.81 
Subtotal 1,332 0.79 1,569 0.87 237 17.81 
Grand Total 168,496 100.00 181,179 100.00 12,683 7.53 
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Table B 18. Estimated total variable cost of all travel cross ing the bridge WV 15 
on Indian Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base so lution 
Household 
Auto $26,647 67.26 $28,427 65.74 $ 1,779 6.68 
Pickup 3,393 8.56 3,620 8.37 227 6.68 
T ruck 1,934 4 .88 2,065 4 .78 131 6.80 
Subtotal $31,974 80.70 $34, 112 78.88 $2, 138 6.69 
Farm 
Auto $92 0.23 $110 0.25 $18 19.30 
Pickup 3,592 9.06 4,285 9.9 1 693 19.30 
SA 634 1.60 758 1.75 124 19.54 
TA 341 0.86 407 0.94 67 19.54 
Semi 116 0.29 138 0.32 23 19.55 
TW 2,440 6. 16 2,9 16 6.74 477 19.55 
Subtotal 7,2 14 18.2 1 8,615 19.92 l,401 19.42 
Other 
School bus $264 0.67 $31 6 0.73 $52 19.55 
Post Office 169 0.43 201 0.47 33 19.30 
Subtotal 433 1.09 5 17 1.20 84 19.45 
Grand Total $39,621 I 00.00 $43,244 ] 00.00 $3 ,623 9.14 
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Table B 19. Estimated total miles driven for the trips crossing the bridge OAK 0-90 
on Keg Creek. 
Solution with bridge Solution wi thout bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 68 1,932 81.28 753,307 79.77 71,375 10.47 
Pickup 86,834 10.35 95,922 10.16 9,089 10.47 
Truck 23, 156 2.76 25,579 2.71 2,424 10.47 
Subtotal 79 1,922 94.39 874,809 92.63 82,887 10.47 
Farm 
Auto 736 0.09 l ,156 0.12 420 57.14 
Pickup 28,698 3.42 45,096 4.78 16,399 57. 14 
SA 2,358 0.28 3,705 0.39 1,347 57.14 
TA 924 0. 11 1,451 0.15 528 57.14 
Semi 275 0.03 432 0.05 157 57.14 
TW 3,434 0.41 5,396 0.57 1,962 57.14 
Subtotal 36,424 4.34 57,238 6.06 20,8 14 57.14 
Other 
School bus 9,262 I. I 0 I 0,232 1.08 969 10.47 
Post Office 1,349 0. 16 2,120 0.22 771 57.14 
Subtotal l 0,6 11 1.26 12,352 1.3 1 1,740 16.40 
Grand Tota l 838,957 100.00 944,398 100.00 105,441 12.57 
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Table B20. Estimated total variable cost of all travel crossing the bridge OAK 0-90 
on Keg Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $ 147,963 76.27 $ 185,012 73.79 $37,049 25.04 
Pickup 18,841 9.71 23,558 9.40 4,718 25 .04 
Truck 10,468 5.40 13,555 5.41 3,088 29.50 
Subtotal $177,271 9 1.38 $222, 125 88.59 $44,854 25.30 
Farm 
Auto $159 0.08 $288 0. 11 $129 81.32 
Pickup 6,199 3.20 11 ,239 4.48 5,041 81.32 
SA 1,060 0.55 2,000 0.80 940 88.75 
TA 569 0.29 1,074 0.43 505 88.75 
Semi 193 0. 10 365 0.15 172 88.75 
TW 4,075 2.10 7,69 1 3.07 3,6 16 88.75 
Subtotal 12,254 6.32 22,657 9.04 10,403 84.89 
Other 
School bus $4, 187 2.16 $5,422 2.16 $1 ,235 29.50 
Post Office 291 0.15 528 0.21 237 81.32 
Subtotal 4,478 2.3 1 5,950 2.37 1,472 32.87 
Grand Total $194,004 100.00 $250,733 100.00 $56,729 29.24 
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Table B21. Estimated total miles dri ven for the trips crossing the bridge KC-2 
on Keg Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 44,287 68.00 48,909 68.07 4,622 10.44 
Pickup 5,639 8.66 6,228 8.67 589 10.44 
T ruck 1,504 2.31 1,661 2.31 157 10.44 
Subtotal 51,430 78.97 56,798 79.05 5,368 10.44 
Farm 
Auto 260 0.40 286 0.40 26 9.90 
Pickup 10, 142 15 .57 11 , 146 15.51 1,004 9.89 
SA 833 1.28 916 1.27 82 9.90 
TA 326 0.50 359 0.50 32 9.89 
Semi 97 0. 15 107 0. 15 10 9.90 
TW 1,214 1.86 1,334 1.86 120 9.89 
Subtotal 12,873 19.77 14, 147 19.69 1,274 9.89 
Other 
School bus 347 0.53 38 1 0.53 34 9.89 
Post Office 477 0.73 524 0.73 47 9.90 
Subtotal 824 l.26 905 1.26 81 9.90 
Grand Total 65,127 100.00 71,850 100.00 6,723 10.32 
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Table 822. Estimated total variable cost of all travel crossing the bridge KC-2 
on Keg Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $11 ,2 10 59.04 $12,507 60.76 $1,297 11.57 
Pickup 1,427 7.52 1,593 7.74 165 11.57 
Truck 837 4.41 935 4 .54 98 11.72 
Subtotal $13,474 70.97 $15,034 73.03 $1,560 11.58 
Fann 
Auto $66 0.35 $67 0.32 $1 1.29 
Pickup 2,56 1 13.49 2,594 12.60 33 1.29 
SA 462 2.44 463 2.25 0 0.09 
TA 248 1.3 1 248 1.21 0 0.09 
Semi 84 0.44 84 0.41 0 0.08 
TW 1,778 9.36 l ,780 8.64 2 0.09 
Subtotal 5,200 27.39 5,236 25.44 36 0.70 
Other 
School bus $ 192 LOI $193 0.94 $0 0.09 
Post Office 120 0.63 122 0.59 2 1.30 
Subtotal 313 1.65 315 1.53 2 0.55 
Grand Total $18,987 100.00 $20,584 100.00 $1 ,598 8.4 l 
139 
Table 8 23. Estimated total miles dri ven fo r the trips crossing the bridge HA-I 
on Keg Creek. 
Solution wi th bridge Solution without bridge Change in miles 
Percent Percent Percent of 
TYPe of travel Miles of total Miles of total Miles base solution 
Household 
Auto I 00 452 76.45 102, I 07 71.8 1 1,655 1.65 
Pickup 12,79 1 9.73 13,002 9.1 4 2 11 1.65 
Truck 3,411 2.60 3,467 2.44 56 1.65 
Subtota l 116,654 88.78 11 8,576 83.40 1,922 1.65 
Farm 
Auto 27 1 0.2 1 443 0.31 172 63.74 
Pickup 10,552 8.03 17,278 12. 15 6,726 63.74 
SA 867 0.66 1,420 1.00 553 63.74 
TA 340 0.26 556 0.39 216 63.74 
Semi 101 0.08 166 0. 12 64 63.75 
TW 1,263 0.96 2,068 1.45 805 63.74 
Subtotal 13,393 10. 19 2 1 930 15.42 8,537 63.74 
Other 
School bus 853 0.65 867 0.6 1 13 1.56 
Post Office 496 0.38 8 12 0.57 3 16 63.74 
Subtotal l ,349 1.03 1,679 1.1 8 329 24.42 
Grand T otal 131 ,396 100.00 142, 185 100.00 10,789 8.21 
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Table 824. Estimated total variable cost of all travel crossing the bridge HA- I 
on Keg Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base so lution 
Househo ld 
Auto $22,50 I 67.29 $23,232 6 1.40 $731 3.25 
Pickup 2,865 8.57 2,958 7.82 93 3.25 
Truck 1.635 4 .89 l ,70 1 4.49 65 4.00 
Subtotal $27,00 1 80.75 $27,89 1 73.71 $890 3.30 
Fann 
Auto $74 0.22 $ 11 7 0.31 $43 58.53 
Pickup 2,877 8.60 4,561 12.06 l ,684 58.54 
SA 523 1.56 823 2. 18 300 57.35 
TA 28 1 0.84 442 1.17 16 l 57.35 
Semi 95 0.29 150 0.40 55 57.34 
TW 2,0 12 6.02 3, 166 8.37 I, 154 57.35 
Subtota l 5,863 17.53 9,260 24.47 3,397 57.95 
Other 
School bus $440 1.32 $472 l.25 $3 1 7.10 
Post Office 135 0.40 2 14 0.57 79 58.54 
Subtotal 576 1.72 686 1.81 110 19. 18 
Grand Total $33,439 100.00 $37,837 100.00 $4,397 13. 15 
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Table B25. Estimated total miles driven for the trips crossing the bridge Y0-19 
on Keg Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 979,687 73.75 1,019,674 68.83 39,987 4.08 
Pickup 124,748 9.39 129,840 8.76 5,092 4.08 
Truck 33,266 2.50 34,624 2.34 l,358 4.08 
Subtotal 1,137,701 85.65 1,184,137 79.94 46,437 4.08 
Farm 
Auto 3,620 0.27 5,644 0.38 2,024 55.90 
Pickup 14l,183 10.63 220,102 14.86 78,919 55.90 
SA 11,600 0.87 18,085 1.22 6,484 55.90 
TA 4,543 0.34 7,083 0.48 2,540 55.90 
Semi 1,353 0.10 2,110 0.14 757 55.90 
TW 16,894 1.27 26,337 1.78 9,443 55.90 
Subtotal 179, 193 13.49 279,360 18.86 100,166 55.90 
Other 
School bus 4 827 0.36 7,525 0.51 2,698 55.90 
Post Office 6,637 0.50 10,347 0.70 3,710 55.90 
Subtotal 11 ,464 0.86 17,872 1.21 6,408 55.90 
Grand Total 1,328,358 100.00 1,481 ,369 100.00 153,011 11.52 
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Table B26. Estimated total variable cost of all travel crossing the bridge Y0-19 
on Keg Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $202,818 66.15 $244,044 64.54 $41,226 20.33 
Pickup 25,826 8.42 31,075 8.22 5,250 20.33 
Truck 14,541 4.74 18,066 4.78 3,525 24.24 
Subtotal $243 , 184 79.32 $293, 185 77.53 $50,001 20.56 
Farm 
Auto $775 0.25 $983 0.26 $207 26.76 
Pickup 30,232 9.86 38,322 10.13 8,091 26.76 
SA 5, 180 l.69 7,010 1.85 1,830 35.32 
TA 2,781 0.91 3,764 1.00 982 35.32 
Semi 945 0.31 1,279 0.34 334 35.32 
TW 19,920 6.50 26,955 7.13 7.036 35.32 
Subtotal 59,833 19.52 78,3 12 20.71 18,480 30.89 
Other 
School bus $2,155 0.70 $4,064 1.07 $1,909 88.56 
Post Office 1,421 0.46 2,574 0.68 1, 153 81.15 
Subtotal 3,577 l.17 6,639 1.76 3,062 85 .62 
Grand Total $306,594 100.00 $378, 136 100.00 $71,543 23.33 
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Table 827. Estimated total miles dri ven for the tri ps crossing the bridge Y0-4 
on Keg Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 73,224 76.84 78,083 75 .95 4,859 6.64 
Pickup 9,324 9. 78 9,943 9.67 619 6.64 
Truck 2,486 2.6 1 2,65 1 2.58 165 6.64 
Subtotal 85,034 89.23 90,677 88.20 5,642 6.64 
Fann 
Auto 195 0.20 230 0.22 35 18.20 
Pickup 7,601 7.98 8,985 8.74 1,384 18.20 
SA 625 0.66 738 0.72 114 18.20 
TA 245 0.26 289 0.28 45 18.20 
Semi 73 0.08 86 0.08 13 18.20 
TW 910 0.95 1,075 1.05 166 18.20 
Subtotal 9,648 10.12 11 ,404 11.09 1,756 18.20 
Other 
School bus 260 0.27 307 0.30 47 18.20 
Post Office 357 0.37 422 0.41 65 18.20 
Subtotal 617 0.65 730 0.71 11 2 18.20 
Grand Total 95,299 100.00 102,810 100.00 7,511 7.88 
144 
Table 8 28. Estimated total variable cost of all travel crossing the bridge Y0-4 
on Keg Creek. 
Solution wi th bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base so lution 
Household 
Auto $16,203 67.41 $ 16,889 65.74 $686 4.23 
Pickup 2,063 8.58 2, 15 1 8.37 87 4.23 
Truck 1,180 4.91 1,220 4.75 41 3.44 
Subtotal $ 19,446 80.90 $20,260 78.86 $8 14 4.19 
Fann 
Auto $54 0.23 $64 0.25 $10 18.31 
Pickup 2,119 8.8 1 2,507 9.76 388 18.32 
SA 388 1.6 1 459 1.78 71 18.33 
TA 208 0.87 246 0.96 38 18.33 
Semi 71 0.29 84 0.33 13 18.34 
TW l ,490 6.20 1,763 6.86 273 18.33 
Subtotal 4,330 18.0 1 5, 123 19.94 793 18.32 
Other 
School bus $ 16 1 0.67 $ 19 1 0.74 $30 18.33 
Post Office 100 0.41 11 8 0.46 18 18.32 
Subtotal 261 1.09 309 1.20 48 18.33 
Grand Total $24,036 100.00 $25,692 100.00 $1,655 6.89 
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Table 8 29. Estimated total miles driven fo r the trips crossing the bridge S 80 70 210 
on Keg Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Mi les base so lution 
Household 
Auto 89.455 76.2 1 L00,871 73 .76 11,41 6 12.76 
Pickup 11.391 9.70 12,844 9.39 I 454 12.76 
Truck 3,038 2.59 3,425 2.50 388 12.76 
Subtotal I 03 ,884 88.50 11 7,140 85.66 13,257 12.76 
Farm 
Auto 252 0.2 1 369 0.27 11 6 46.09 
Pickup 9,839 8.38 14,375 10.5 1 4,535 46.09 
SA 808 0.69 1, 181 0.86 373 46.09 
TA 317 0.27 463 0.34 146 46.09 
Semi 94 0.08 138 0. 10 43 46.09 
TW 1,1 77 1.00 1,720 1.26 543 46.09 
Subtotal 12,488 10.64 18,245 13.34 5,756 46.09 
Other 
School bus 542 0.46 686 0.50 144 26.50 
Post Office 463 0.39 676 0.49 213 46.09 
Subtota l 1,005 0.86 1,362 1.00 357 35.52 
Grand Total 11 7,377 100.00 136,747 100.00 19,370 16.50 
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Table 8 30. Estimated total variable cost of all travel crossing the bridge S 80 70 2 10 
on Keg Creek. 
Solution wi th bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $20,557 67. 15 $23, 152 64.59 $2,595 12.62 
Pickup 2,618 8.55 2,948 8.22 330 12.62 
Truck 1,493 4.88 1,679 4 .68 186 12.47 
Subtota l $24,667 80.58 $27,779 77.49 $3, 1 11 12.61 
Farm 
Auto $69 0.23 $95 0.27 $26 38.35 
Pickup 2,689 8.78 3,720 10.38 1,03 l 38.34 
SA 489 1.60 668 l.86 179 36.57 
TA 263 0.86 359 1.00 96 36.57 
Semi 89 0.29 122 0.34 33 36.56 
TW 1,88 1 6. 15 2,569 7. 17 688 36.57 
Subtotal 5,480 17.90 7,533 2 1.02 2,053 37.46 
Other 
School bus $339 l. ll $360 l.00 $21 6. 17 
Post Office 126 0.41 175 0.49 48 38.34 
Subtotal 465 1.52 535 1.49 69 14.9 1 
Grand Total $30,6 13 100.00 $35 ,846 100.00 $5,234 17.10 
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Table 831. Estimated total miles driven for the trips crossing the bridge L 99 07 2 l 0 
on Keg Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Mi les base solution 
Household 
Auto 25,884 59.08 28,378 59.09 2,494 9.63 
Pickup 3,296 7.52 3,614 7.52 318 9.63 
Truck 879 2.01 964 2.01 85 9.63 
Subtotal 30,059 68.61 32,955 68.62 2,896 9.63 
Farm 
Auto 261 0.60 286 0.60 25 9.56 
Pickup 10,181 23.24 11,155 23 .23 974 9.56 
SA 837 1.91 917 1.91 80 9.56 
TA 328 0.75 359 0.75 31 9.57 
Semi 98 0.22 107 0.22 9 9.57 
TW 1,218 2.78 1,335 2.78 117 9.56 
Subtotal 12,922 29.49 14, 158 29.48 1,236 9.56 
Other 
School bus 352 0.80 385 0.80 34 9.63 
Post Office 479 1.09 524 1.09 46 9.56 
Subtotal 830 1.89 910 1.89 80 9.59 
Grand Total 43,811 100.00 48,023 100.00 4,212 9.61 
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Table 832. Estimated tota l variable cost of all travel crossing the bridge L 99 07 2 10 
on Keg Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base so lution 
Household 
Auto $5,523 48.39 $6,162 47.28 $639 I l.57 
Pickup 703 6.16 785 6.02 8 1 11 .57 
Truck 399 3.50 449 3.45 50 12.47 
Subtotal $6,626 58.05 $7,396 56.74 $770 11 .62 
Farm 
Auto $58 0.5 1 $68 0.52 $ 10 16.90 
Pickup 2,276 19.94 2,66 1 20.41 384 16.89 
SA 393 3 .44 468 3.59 75 19.04 
TA 21 I 1.85 25 1 1.93 40 19.04 
Semi 72 0.63 85 0.65 14 19.04 
TW 1,512 13.24 1,800 13.8 1 288 19.04 
Subtotal 4,522 39.62 5,333 40.92 8 11 17.93 
Other 
School bus $160 1.40 $180 l.38 $20 12.47 
Post Office 107 0.94 125 0.96 18 16.89 
Subtota l 267 2.34 305 2.34 38 14.24 
Grand Total $ 11 ,41 5 100.00 $13,034 100.00 $ 1,6 19 14. 18 
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Table 8 33. Estimated total miles driven for the trips crossing the bridge L 99 18 11 0 
on Keg Creek. 
Solution with bridge Solution without bridge Change in mi les 
Percent Percent Percent of 
TYPe of travel Mi les of total Miles of total Miles base solution 
Household 
Auto 32,420 70.44 28,722 69.06 (3,698) -1 1.41 
Pickup 4, 128 8.97 3,657 8.79 ( 471) -11.41 
Truck l , 1 OI 2.39 975 2.34 ( l 26) -1 l.41 
Subtotal 37,649 8 l.80 33,355 80.20 ( 4,294 ) - I l.41 
Fann 
Auto 155 0.34 153 0.37 (2) -1.1 3 
Pickup 6,030 13. 10 5,962 14.33 (68) -l.13 
SA 495 1.08 490 1. 18 ( 6) -1.13 
TA 194 0.42 192 0.46 (2) -1.13 
Semi 58 0. 13 57 0.14 ( I ) -1. J 2 
TW 722 1.57 713 1.72 (8) -1.1 3 
Subtotal 7,653 16.63 7,567 18.1 9 (87) -1.13 
Other 
School bus 440 0.96 390 0.94 (50) -11.41 
Post Office 283 0.62 280 0.67 (3) -1.13 
Subtotal 724 1.57 670 1.6 J (53) -7.38 
Grand Total 46,026 100.00 41 ,592 100.00 (4,434) -9.63 
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Table 834. Estimated total variable cost of all travel crossing the bridge L 99 18 110 
on Keg Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
T yPe of travel Cost of total Cost of total Cost base so lution 
Household 
Auto $6,82 1 61.56 $7,056 57.9 l $235 3.45 
Pickup 869 7.84 898 7.37 30 3.45 
Truck 489 4 .4 l 524 4.30 36 7.33 
Subtotal $8, 178 73.80 $8,479 69.58 $301 3.68 
Farm 
Auto $34 0.3 1 $43 0.35 $9 25 .42 
Pickup 1,333 12.03 1,672 13.72 339 25.42 
SA 230 2.07 306 2.5 1 77 33.34 
TA 123 I. ll 164 1.35 4 1 33.35 
Semi 42 0.38 56 0.46 14 33.34 
T W 883 7.97 1, 177 9.66 294 33.34 
Subtotal 2,645 23.87 3,41 8 28.05 774 29.25 
Other 
School bus $ 195 1.76 $2 10 l.72 $14 7.33 
Post Office 63 0.57 79 0.65 16 25.41 
Subtotal 258 2.33 288 2.37 30 11 .72 
Grand Total $ 11 ,08 1 100.00 $ 12, 186 100.00 $ 1,105 9.97 
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Table 8 35. Estimated total miles dri ven for the trips crossing the bridge MAGN 17 
on Willow Creek. 
Solution with bridge Solution without bridge Change in mi les 
Percent Percent Percent of 
Type of travel Miles of total Miles o f total Miles base solution 
Household 
Auto 87,886 68.1 4 110, 158 62.23 22,272 25.34 
Pickup 11 , 191 8.68 14,027 7.92 2 836 25.34 
T ruck 2,984 2.3 1 3,74 1 2.1 1 756 25.34 
Subtotal 102,06 1 79. 12 127,926 72.26 25,865 25.34 
Fann 
Auto 501 0.39 927 0.52 426 85.02 
Pickup 19,550 15.16 36, l 71 20.43 16,621 85.02 
SA 1,606 1.25 2,972 1.68 1,366 85.02 
TA 629 0.49 L, 164 0.66 535 85.02 
Semi 187 0. 15 347 0.20 159 85.0 1 
TW 2,339 1.8 1 4,328 2.44 l ,989 85.02 
Subtotal 24,814 19.24 45,9 10 25.93 21 ,096 85.02 
Other 
School bus 1,194 0.93 1,496 0.85 303 25.34 
Post Office 919 0.7 1 1,700 0.96 781 85.02 
Subtotal 2,113 1.64 3,197 l.81 1,084 51.30 
Grand Total 128,988 100.00 177,032 100.00 48,044 37.25 
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Table B36. Estimated total variab le cost of al l travel crossing the bridge MAGN 17 
on Willow Creek. 
Solution wi th bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $ 19,921 57.77 $29,705 52.72 $9,784 49.12 
Pickup 2,537 7.36 3,782 6.71 1,246 49. 12 
Truck 1,462 4.24 2,236 3.97 773 52.89 
Subtotal $23,920 69.37 $35,723 63 .40 $ 11 ,803 49.35 
Farm 
Auto $123 0.36 $243 0.43 $120 96.89 
Pickup 4 ,812 13.95 9,474 16.8 1 4,662 96.89 
SA 865 2.51 1,7 19 3.05 853 98.60 
TA 465 1.35 923 1.64 458 98.60 
Semi 158 0.46 313 0.56 156 98.60 
TW 3,328 9.65 6,609 11. 73 3,281 98.60 
Subtotal 9,751 28.28 19,282 34 .22 9,530 97.73 
Other 
School bus $585 1.70 $894 1.59 $309 52.89 
Post Office 226 0.66 445 0.79 2 19 96.89 
Subtotal 811 2.35 1,340 2.38 529 65.16 
Grand Total $34,482 100.00 $56,344 100.00 $2 1,862 63.40 
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Table B37. Estimated total miles driven for the trips crossing the bridge LINC 8 
on Willow Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Mi les of total Miles base so lution 
Household 
Auto 0 0.00 0 0.00 0 0.00 
Pickup 0 0.00 0 0.00 0 0.00 
Truck 0 0.00 0 0.00 0 0.00 
Subtotal 0 0.00 0 0.00 0 0.00 
Farm 
Auto 637 1.90 690 1.90 53 8.32 
Pickup 24,853 74.05 26,920 74.05 2,068 8.32 
SA 2,042 6.08 2,212 6.08 170 8.32 
TA 800 2.38 866 2.38 67 8.32 
Semi 238 0.7 1 258 0.7 1 20 8.32 
TW 2,974 8.86 3,221 8.86 247 8.32 
Subtotal 3 1,544 93.99 34,168 93.99 2,624 8.32 
Other 
School bus 850 2.53 920 2.53 71 8.32 
Post Office 1,168 3.48 1,265 3.48 97 8.32 
Subtotal 2,0 18 6.0 1 2, 186 6.01 168 8.32 
Grand Total 33,562 100.00 36,354 100.00 2,792 8.32 
154 
Table 8 38. Estim ated total variable cost of all travel crossing the bridge LTNC 8 
on Wi I low Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base so lution 
Househo ld 
Auto $0 0.00 $0 0.00 $0 0.00 
Pickup 0 0.00 0 0.00 0 0.00 
T ruck 0 0.00 0 0.00 0 0.00 
Subtotal $0 0.00 $0 0.00 $0 0.00 
Farm 
Auto $ 155 1.20 $170 1.20 $ 15 9.60 
Pickup 6,043 46.95 6,623 46.87 580 9.60 
SA 1,069 8.30 l , 175 8.3 1 106 9.94 
TA 574 4.46 63 1 4.46 57 9.94 
Semi 195 1.51 2 14 1.52 19 9.93 
TW 4,109 3 1.92 4,517 3 1.97 408 9.94 
Subtotal 12,144 94.34 13,329 94.34 I, 186 9.76 
Other 
School bus $445 3.45 $489 3.46 $44 9.93 
Post Office 284 2.2 1 3 11 2.20 27 9.60 
Subtotal 729 5.66 800 5.66 71 9.80 
Grand Total $ 12,872 100.00 $ 14, 129 100.00 $1,257 9.77 
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Table B39. Estimated total miles driven for the trips crossing the bridge UNC 7 
on Willow Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Mi les of total Miles base solution 
Household 
Auto 387,231 72.82 425,928 71.39 38,697 9.99 
Pickup 49,308 9.27 54,235 9.09 4,928 9.99 
Truck 13 149 2.47 14,463 2.42 1,314 9.99 
Subtotal 449,688 84.57 494,626 82.90 44,939 9.99 
Fann 
Auto 1,558 0.29 1,937 0.32 378 24.28 
Pickup 60,778 11.43 75,537 12.66 14,759 24.28 
SA 4,994 0.94 6,206 l.04 1,2 13 24.28 
TA 1,956 0.37 2,43 1 0.4 1 475 24.28 
Semi 583 0. 11 724 0.12 141 24.28 
TW 7,273 1.37 9,039 1.51 1,766 24.28 
Subtotal 77, 141 14.5 1 95,873 16.07 18,732 24.28 
Other 
School bus 2,078 0.39 2,582 0.43 505 24.28 
Post Office 2,857 0.54 3,551 0.60 694 24.28 
Subtotal 4,935 0.93 6, 133 1.03 1,198 24.28 
Grand Total 53 1,764 100.00 596,633 100.00 64,870 12.20 
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Table 840. Estimated total variable cost of all travel crossing the bridge LfNC 7 
on Willow Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
TYPe of travel Cost of total Cost of total Cost base solution 
Household 
Auto $86,226 63.98 $97,3 13 61.95 $ 11 ,088 12.86 
Pickup 10,979 8. 15 12,39 l 7.89 1,41 2 12.86 
Truck 6,269 4.65 7, 111 4.53 843 13.44 
Subtotal $ I 03,474 76.78 $11 6,8 16 74.37 $13,342 12.89 
Farm 
Auto $377 0.28 $483 0.3 1 $106 28. 16 
Pickup 14,701 10.9 1 18,841 11 .99 4,140 28. 16 
SA 2,596 1.93 3,354 2. 13 758 29. 19 
TA 1,394 l.03 l,80 1 1. 15 407 29. 19 
Semi 473 0.35 612 0.39 138 29. 19 
TW 9 982 7.4 l 12,896 8.2 1 2,9 14 29. 19 
Subtotal 29,523 2 1.91 37,986 24.18 8,463 28.66 
Other 
School bus $1,080 0.80 $1,395 0.89 $3 15 29. 19 
Post Office 69 1 0.5 1 886 0.56 195 28. 16 
Subtotal 1,771 1.31 2.28 1 1.45 510 28.79 
Grand Total $1 34,768 100.00 $157,083 100.00 $22,315 16.56 
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Table 841 . Estimated total miles dri ven for the trips crossing the bridge S 12-1 
on Willow Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 234,989 75 .43 237,3 11 75.24 2,322 0.99 
Pickup 29,922 9.60 30,2 18 9.58 296 0.99 
Truck 7,979 2.56 8,058 2.55 79 0.99 
Subtotal 272,89 1 87.59 275,587 87.38 2,696 0.99 
Farm 
Auto 725 0.23 749 0.24 24 3.26 
Pickup 28,288 9.08 29,2 10 9.26 922 3.26 
SA 2,324 0.75 2,400 0.76 76 3.26 
TA 9 10 0.29 940 0.30 30 3.26 
Semi 271 0.09 280 0.09 9 3.26 
TW 3,385 1.09 3,495 1.11 11 0 3.26 
Subtotal 35,904 11 .52 37,075 11.76 1, 17 1 3.26 
Other 
School bus 1,420 0.46 l ,356 0.43 (64) -4.53 
Post Office 1,330 0.43 1,373 0.44 43 3.26 
Subtota l 2,750 0.88 2,729 0.87 (21 ) -0.76 
Grand Total 31 1,545 100.00 315,391 100.00 3,846 1.23 
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Table B42. Estimated total vari able cost of all travel crossing the bridge S 12-1 
on Willow Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base solution 
Household 
Auto $48,3 11 68.00 $50,453 66.75 $2, 142 4.43 
Pickup 6,152 8.66 6,424 8.50 273 4.43 
Truck 3,489 4.9 1 3,665 4.85 176 5.05 
Subtotal $57,952 8 1.57 $60,542 80. 10 $2,590 4.47 
Farm 
Auto $155 0.22 $177 0.23 $22 14.05 
Pickup 6,056 8.52 6,907 9. 14 85 1 14.05 
SA 1,066 1.50 1,235 l.63 169 15.88 
TA 572 0.8 1 663 0.88 91 15.88 
Semi 194 0.27 225 0.30 31 15.88 
TW 4,098 5.77 4,748 6.28 65 1 15.88 
Subtotal 12,141 17.09 13,955 18.46 1,8 14 14.94 
Other 
School bus $668 0.94 $76 1 1.0 I $93 13.89 
Post Office 285 0.40 325 0.43 40 14.05 
Subtotal 953 1.34 1,085 l.44 133 13 .94 
Grand Total $7 1 ,045 100.00 $75,583 100.00 $4,537 6.39 
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Table 843. Estimated total miles driven for the trips crossing the bridge WILLOW 2 
on Willow Creek. 
Solution with bridge Solution without bridge Change in miles 
Percent Percent Percent of 
TYPe of travel Miles of total Miles of total Miles base solution 
Household 
Auto 83,973 68.74 103 408 71.35 19,435 23.14 
Pickup l0,693 8.75 13, 167 9.09 2,475 23. 14 
Truck 2,85 1 2.33 3,511 2.42 660 23.14 
Subtotal 97,517 79.83 120,086 82.86 22,569 23. 14 
Farm 
Auto 468 0.38 472 0.33 4 0.84 
Pickup 18,244 l4.93 18,397 12.69 154 0.84 
SA 1,499 1.23 l ,512 1.04 13 0.84 
TA 587 0.48 592 0.4 1 5 0.84 
Semi 175 0.14 176 0. 12 I 0.84 
TW 2,183 l.79 2,20 1 1.52 18 0.84 
Subtotal 23, 155 18.96 23,350 16.11 195 0.84 
Other 
School bus 624 0.5 1 629 0.43 5 0.84 
Post Office 858 0.70 865 0.60 7 0.84 
Subtotal 1,481 1.21 1,494 1.03 12 0.84 
Grand Total 122, 154 100.00 144,93 1 100.00 22,777 18.65 
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Table 844. Estimated total vari able cost of all travel crossing the bridge Wl LLOW 2 
on Willow Creek. 
Solution with bridge Solution wi thout bridge Change in costs 
Percent Percent Percent of 
Type o f travel Cost of total Cost of total Cost base solution 
Household 
Auto $2 1,637 6 1.7 1 $23,379 6 1.11 $ 1, 742 8.05 
Pickup 2,755 7.86 2,977 7.78 222 8.05 
Truck 1,6 11 4.59 1,716 4.48 105 6.50 
Subtotal $26,003 74.17 $28,071 73.38 $2,069 7.96 
Farm 
Auto $11 0 0 .3 1 $ 122 0.32 $ 12 11.04 
Pickup 4,273 12. l 9 4,745 12.40 472 11.04 
SA 748 2. 13 852 2.23 104 13.86 
TA 402 1. 15 457 1.20 56 13.86 
Semi 136 0.39 155 0.41 19 13.86 
T W 2,876 8.20 3,275 8.56 399 13 .86 
Subtotal 8,545 24.37 9,606 25 .11 1,06 1 12.41 
Other 
School bus $3 11 0.89 $354 0.93 $43 13 .86 
Post Office 20 1 0.57 223 0.58 22 11.04 
Subtotal 5 12 1.46 577 1.5 1 65 12.75 
Grand Total $35,060 100.00 $38,255 100.00 $3, 195 9. 11 
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Table 845. Estimated total miles driven for the trips crossing the bridge WILLOW 4 
on Willow Creek. 
Solution \vl th bridge Solution without bridge Change in miles 
Percent Percent Percent of 
Type of travel Miles of total Miles of total Miles base solution 
Household 
Auto 81,716 69.94 104,354 71.34 22,638 27.70 
Pickup 10,405 8.9 1 13,288 9.08 2,883 27.70 
Truck 2,775 2.37 3,543 2.42 769 27.70 
Subtotal 94,896 8 1.22 121 , 185 82.85 26,289 27.70 
Farm 
Auto 417 0.36 476 0.33 60 14.35 
Pickup 16,245 13.90 18,577 12.70 2,332 14.35 
SA 1,335 1.14 1,526 1.04 192 14.35 
TA 523 0.45 598 0.41 75 14.35 
Semi 156 0. 13 178 0.12 22 14.35 
TW 1,944 1.66 2,223 l.52 279 14.35 
Subtotal 20,61 9 17.65 23,578 16. 12 2,959 14.35 
Other 
School bus 555 0.48 635 0.43 80 14.35 
Post Office 764 0.65 873 0.60 110 14.35 
Subtotal 1,319 l.13 1,508 1.03 189 14.35 
Grand Total 11 6,833 100.00 146,271 100.00 29,438 25 .20 
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Table 846. Estimated total variab le cost of all travel crossing the bridge WlLLOW 4 
on Willow Creek. 
Solution with bridge Solution without bridge Change in costs 
Percent Percent Percent of 
Type of travel Cost of total Cost of total Cost base so lution 
Household 
Auto $22,688 63 .62 $27,715 64.88 $5,027 22.16 
Pickup 2,889 8.10 3,529 8.26 640 22.16 
Truck 1,712 4.80 2,080 4.87 368 21.48 
Subtotal $27,290 76.52 $33,324 78.0 1 $6,035 22.1 I 
Farm 
Auto $101 0.28 $113 0.27 $13 12.43 
Pickup 3,934 11.03 4,422 10.35 489 12.43 
SA 695 1.95 778 1.82 83 11.91 
TA 373 1.05 417 0.98 44 11.91 
Semi 127 0.36 142 0.33 15 11.92 
TW 2,672 7.49 2,990 7.00 318 11.91 
Subtota l 7,90 1 22.15 8,863 20.75 962 12.1 7 
Other 
School bus $289 0.8 1 $324 0.76 $34 11.9] 
Post Office 185 0.52 208 0.49 23 12.42 
Subtotal 474 1.33 53 1 1.24 57 12. l l 
Grand Total $35,664 100.00 $42,7 18 100.00 $7,054 19.78 
